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Summary 
Abusive head trauma (AHT) is the leading cause of traumatic death in infants. The Predicting 
Abusive Head Trauma (PredAHT) clinical prediction rule (CPR) was developed to assist 
clinicians in deciding which children less than three years of age with intracranial injury require 
additional specialist clinical or multidisciplinary investigations for possible AHT. The impact of 
PredAHT has not been tested in clinical practice. However, first there is a need to understand if 
this is feasible, and whether PredAHT is acceptable to child protection professionals. To 
address this gap, a computerised version of PredAHT was developed, and a series of novel 
empirical studies were conducted exploring the acceptability and potential impact of PredAHT, 
and the feasibility of evaluating its impact in clinical practice. 
 
A literature review highlighted the many difficulties faced by clinicians in identifying AHT, 
suggesting that evidence-based CPRs would be of value to clinicians working in this field. A 
scoping review of clinical decision-making theories and the logic underpinning CPRs 
underscored the need for and relevance of decision support in suspected AHT cases, and 
informed the development of the computerised PredAHT. The computerised PredAHT provides 
predicted probabilities and likelihood ratios of AHT for 729 possible combinations of six clinical 
features (retinal haemorrhages, head/neck bruising, apnoea, seizures, rib fractures and long-
bone fractures), depending on whether each is present, absent, or unknown. 
 
The results show that the computerised PredAHT is acceptable to a range of child protection 
professionals, and has the potential to standardise the clinical investigation of AHT and provide 
clinicians with confidence and reassurance in their diagnostic decisions. Further feasibility 
and/or development work is recommended before the impact of PredAHT can be tested in a 
clinical trial. The studies presented in this thesis make important contributions to knowledge in 
the field of AHT diagnosis.  
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1 Introduction  
1.1 Chapter overview 
This PhD thesis aims to describe the development of a computerised version of the 
Predicting Abusive Head Trauma (PredAHT) clinical prediction rule (CPR), and to present the 
findings of three empirical studies that were conducted to determine the utility of PredAHT in 
assisting in the identification of abusive head trauma (AHT) in children. This introductory 
chapter will provide context to the thesis by defining the main concepts, providing a brief 
historical overview of research into AHT, and describing the epidemiology and outcomes of 
AHT and the mechanisms by which it is proposed to occur as documented in the existing 
literature. It will explain the rationale for the research, and identify the gaps in the evidence-
base that will be addressed. The aims, objectives and structure of the thesis are presented at 
the end of this chapter. 
1.2 Abusive head trauma 
In simple terms, AHT is defined as “child physical abuse that results in injury to the 
head or brain”.1 It is colloquially known as shaken baby syndrome (SBS), however broader 
proposed mechanisms of injury are recognized. Evidence from perpetrator confessions 
suggests that AHT sometimes occurs because adult care-givers become angry or frustrated by 
the child’s crying.2 It is proposed that the perpetrator grips the child by the torso or 
extremities and violently shakes them, subjecting the head to acceleration-deceleration and 
rotational forces as it moves back and forth.3 Impact forces to the head may occur as a result 
of a direct blow to the head, or if the child is thrown onto a nearby surface, against a wall or to 
the ground after a shaking episode. 
AHT is a leading cause of traumatic death in infants.4 It is the primary cause of fatal 
child abuse5; the majority of fatal head injuries in children aged less than two years are due to 
physical abuse.6, 7 Studies have found that between 21%–33% of children less than two years 
old admitted to hospital with head injury had suffered AHT.8-10 The prevalence of AHT is higher 
again in children admitted to a paediatric intensive care unit (PICU).11 AHT is mostly restricted 
to children less than three years of age, with the majority of cases occurring in children less 
than one year of age.11-17 Mortality in children with AHT ranges from 6%18–36%.19 In addition, 
morbidity for children who survive AHT is significant; the majority suffer from some degree of 
impairment in their motor and cognitive abilities, language, vision, and behaviour.20 A recent 
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extended follow-up study found serious neurological impairment in 40% of children who had 
suffered severe AHT.21  
The cardinal clinical features of AHT include subdural haemorrhages (SDH; bleeding 
between the skull and the surface of the brain), retinal haemorrhages (RH; bleeding in the 
eyes) and encephalopathy (widespread brain injury), and associated injuries include bruising, 
rib fractures, long-bone fractures, skull fractures, visceral injury and spinal injury.17, 22-29 
However, children can present with no external injuries, non-specific clinical features and no 
history of trauma, making identification difficult.9, 12, 30, 31  
1.3 Historical overview of abusive head trauma 
The first classical description of child abuse is attributed to Auguste Ambroise Tardieu, 
a French pathologist who in the mid-19th century published a forensic study on the cruelty and 
ill treatment of 32 children.32-34 The study was one of the first to describe the association 
between child physical abuse and SDH.32 This was followed by an epidemiological analysis by 
Tardieu of infanticide cases,35 where he attributed the presence of SDH, in the absence of 
signs of external injury, to probable inflicted head trauma.33, 36 The pathologist distinguished 
the features seen in abuse cases from those seen in accidental falls, and urged that such cases 
“must not catch off guard the physician, often the only one capable of denouncing the crime to 
the legal authorities”.32(p.327) The recognition of child abuse was likely facilitated by the explicit 
documentation of radiographic findings by the paediatric radiologist John Caffey.37 In 1946, 
Caffey described six children who presented with chronic SDH and long-bone fractures with no 
history of trauma.37, 38 At the time, Caffey tentatively considered the possibility of “intentional 
ill-treatment” in one of the infants, but ultimately concluded that “the traumatic episodes and 
causal mechanism remain obscure”.37, 38(p.758) It was not until 1962 that the medical 
community broadly recognized and accepted the existence of child abuse, following the 
seminal publication of “The Battered-Child Syndrome” by Kempe and colleagues.39 These 
authors reported that fractures, SDH, soft tissue swellings and skin bruising were clinical 
indicators of abuse; they called attention to the significance of healing injuries, and 
recommended that abuse be considered “where the degree and type of injury is at variance 
with the history given”.39(p.17) Caffey eventually postulated that “battered baby syndrome”, or 
“parent-infant stress syndrome” was the cause of injury in all six children in his 1946 study.40 
SDHs were associated with a shaking mechanism in 1971 by Norman Guthkelch, a 
British neurosurgeon, who again observed their presence, in addition to RH, in infants without 
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external evidence of injury.41 Guthkelch proposed that repeated acceleration/deceleration 
forces rather than blunt trauma may be the cause of the SDH and RH and that infants may be 
susceptible to shaking injuries due to their large heads and weak necks.41 This theory was 
supported by Caffey,42, 43 who detailed the role of “whiplash-shaking” and jerking in the 
causation of brain, retinal and skeletal lesions in the absence of external signs of trauma, and 
associated a shaking mechanism with the bony and cerebral injuries observed in his 1946 case 
series.43 Caffey coined the term “whiplash shaken infant syndrome”, suggesting that in some 
cases the label of “battered infant” was misleading. Research into the phenomenon of infant 
shaking intensified in the 1980’s, and the term “shaken baby syndrome” (SBS) was devised to 
describe the constellation of injuries apparent in such cases.14 In 1993, the American Academy 
of Pediatrics (AAP) Committee on Child Abuse and Neglect released a statement affirming in a 
somewhat strong summary that SBS is a “clearly definable medical condition”,44(p.874) and in 
2001 they published a technical report emphasising the dangers of shaking, stating that “The 
act of shaking leading to shaken baby syndrome is so violent that individuals observing it 
would recognize it as dangerous and likely to kill the child”.45(p.206) However, over the decades 
studies had begun to highlight the presence of impact injuries in many cases, including scalp 
haematomas, skull fractures, and brain contusions,13, 46-48 leading to the adoption of the term 
“shaken-impact” syndrome by many researchers. The definitions in use today and the 
definition adopted in this thesis are outlined below.  
1.4 Nomenclature in abusive head trauma 
It is now widely accepted in the medical community that AHT includes inflicted cranial, 
cerebral and spinal injuries following blunt force trauma, shaking, or a combination of 
forces.49-54 Resulting injuries may be primary (occurring at the moment of trauma) or 
secondary (occurring as a result of physiological processes set in motion by the primary injury). 
The classic injury pattern that is associated with abuse includes SDH, RH, and encephalopathy. 
These three injuries have been traditionally referred to as “the triad” of injuries, however this 
term is not used in clinical practice, but is used in the legal arena to incorrectly suggest that the 
diagnosis of AHT is based on the presence of these three features alone.55, 56  
There have been many terms used to describe AHT in the literature; in addition to the 
terms noted above, AHT has been referred to as “inflicted traumatic brain injury”, “inflicted 
head injury”, and “intentional (or inflicted) childhood neurotrauma”. The term “non-accidental 
head injury” has been suggested by the UK courts as it does not assume a particular 
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mechanism of injury and is less emotive than other terms.57 In 2009, the AAP Committee on 
Child Abuse and Neglect published a policy statement recommending adoption of the term 
“abusive head trauma” to describe an inflicted injury to the head and its contents.50 This broad 
term was recommended as it is less mechanistic than SBS, and inclusive of all potential 
mechanisms of injury, and because it accounts for the numerous primary and secondary brain 
injuries that can arise from AHT. The statement acknowledged that SBS is a subset of AHT, and 
that injuries resulting from both shaking and impact can cause death or permanent neurologic 
disability.50 The authors recognized that the term SBS has become familiar to the public and 
the media and thus is useful for facilitating prevention efforts and is a terminology that 
remains in relatively wide use in the literature. The official definition of AHT published by the 
Centers for Disease Control and Prevention (CDC) is similar to the AAP definition; AHT is 
defined as “an injury to the skull or intracranial contents of an infant or young child (less than 
five years of age) due to inflicted blunt impact and/or violent shaking”.58(p.10) 
1.4.1 Definition of abusive head trauma used in this thesis 
Following recommendation from the AAP Committee on Child Abuse and Neglect,50 
the terminology AHT will be used throughout this thesis to describe infants and children who 
have sustained head injuries as a result of physical abuse. The term non-abusive head trauma 
(nAHT) will be used to describe children who have sustained head injuries as a result of 
accidents or medical causes. However, it should be noted that PredAHT was derived for 
children < 3 years of age admitted to hospital with intracranial injury (ICI) confirmed on 
neuroimaging.59, 60 Unlike the AAP50 and CDC58 definitions, this includes children with or 
without skull fractures, but excludes children with skull fractures and no accompanying ICI. The 
systematic review24 and derivation study59 on which PredAHT is based included primary 
studies that were conducted in the late 1990s and early 2000s and therefore pre-dated the 
2009 AAP50 and 2011 CDC58 definitions of AHT that include ICI and/or injuries to the skull. 
Whilst all of the primary studies included children with ICI with or without skull fractures, they 
did not all include children with skull fractures alone, because, as described above, children 
with AHT classically present with ICI on neuroimaging, with or without concomitant skull 
fracture.61 
1.5 Mechanisms of injury and pathophysiology 
As described above, mechanisms involving both shaking and/or impact have been 
proposed to explain the constellation of cranial, intracranial and associated injuries observed 
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in AHT.2, 13, 15, 43, 46, 47 Population studies show that patients with AHT typically have severe 
brain injury with few or no signs of external injury and no history of significant trauma, 
whereas patients with nAHT typically present with an explanation of trauma and external signs 
of impact injury to the head.9, 30, 62 Although scalp swelling and isolated skull fractures are 
seen in both AHT and nAHT, epidemiological studies and systematic reviews have found that 
they are more strongly associated with nAHT.27, 63, 64 However, children with nAHT 
occasionally present with ICI without skull fractures or cranial soft tissue injury.65 In children 
with AHT, impact injuries appear to be more common in older children than younger 
children.62 It is not possible to differentiate between impact and non-impact head trauma 
based on neuroradiological or skeletal findings66 and neither is it possible to predict the intent 
behind a care-givers actions from the mechanism or severity of injury.  
1.5.1 Primary brain injury 
The proposed mechanism that produces the injuries seen in AHT is rotational 
movement of the brain within the cranial cavity.67-69 Rotational forces are generated by either 
direct impact or shaking, which produce abrupt acceleration or deceleration of the head.67 
These forces cause the brain to turn suddenly on its axis, relative to the more stationary skull 
and dura.67, 70 Evidence from animal studies suggests that infant brains are more vulnerable to 
injury resulting from rotational acceleration-deceleration forces than adult brains, and have 
highlighted the particular vulnerability of the immature brain to repeated, mild rotational 
forces in comparison to a single isolated incident.71, 72 
It is proposed that forces generated by rotational acceleration and deceleration of the 
cranial vault result in rupture of the bridging veins that run from the cerebral cortex to the 
dural venous sinuses, causing SDH.41-43, 67, 68 The finding of bridging vein rupture on 
neuroimaging or at autopsy at least confirms the traumatic nature of the SDH.73-75 Figure 1.1 
shows a schematic representation of the acceleration-deceleration forces generated by the 
movement of the infant head during a shaking incident and the resulting SDH. Tearing of 
bridging veins also causes subarachnoid haemorrhage (SAH; bleeding into the subarachnoid 
space), which is present in virtually all fatal cases of AHT but may be small and thus difficult to 
identify.67 Clinical and experimental data have shown that rotational movements of the brain 
result in shearing of the brain parenchyma, which can cause focal or diffuse traumatic axonal 
injury, brain swelling, gliding contusions and focal parenchymal tears.67, 70, 76-80 Anatomical and 
developmental features of the infant brain and skull make infants particularly susceptible to 
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diffuse or shearing brain injuries.13, 43, 68 The pliability of the skull and soft consistency of the 
brain facilitate brain deformation following impact, and the incomplete myelination and small 
axonal size of infant brains leaves them prone to shearing injury.68 In addition, the relatively 
large infant head and weak neck musculature enables greater movements of the head and 
brain when the head is subjected to rotational acceleration-deceleration forces.67 
In contrast, the mechanism that produces the injuries seen in nAHT, such as those 
resulting from a short fall, is primarily translational deceleration (movement of the head in a 
straight line) and cranial impact.77 In these cases, injuries are typically focal, although 
exceptions have been noted.81 Impact forces may result in head bruising, skull fractures, 
epidural haemorrhage (EDH), focal SDH, or focal haemorrhagic contusions.68, 82 Therefore, the 
evidence suggests that it may be possible to discriminate between AHT and nAHT on the basis 
of injury patterns.  
Figure 1.1 Schematic representation of the acceleration-deceleration forces generated by the 
“to and fro” motion of the head during a shaking episode 
 
The curved red arrows represent the “to and fro” motion of the head during a shaking episode. 
It is proposed that this action causes disruption of the bridging veins that run from the cortex to 
the dural venous sinus, indicated by the thick black arrows, resulting in subdural 
haemorrhages, indicated by the thin black arrows. The striated red lines over the lateral 
convexity represent another older/more chronic subdural haemorrhage. Reprinted with 
permission from Springer Nature: Springer India, The Indian Journal of Pediatrics, Imaging of 
Abusive Head Trauma, Shekdar, K, 2016.  
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1.5.2 Secondary brain injury 
In addition to primary traumatic brain injury, AHT can also induce secondary brain 
injury as a result of a cascade of biochemical, cellular and metabolic responses to the 
traumatic injury.83 Neuronal damage is caused by the release of excitatory neurotransmitters, 
such as acetylcholine, glutamate, and aspartate.84 Compromised cerebral perfusion may lead 
to hypoxia and/or ischaemia,85 which has been correlated with poor outcomes.86, 87 
 Clinical and neuropathology studies have highlighted the significance of secondary 
hypoxic-ischaemia in the pathogenesis of cerebral injury in children who have suffered AHT.26, 
86-93 Neuropathology studies have found cervical EDHs and focal traumatic axonal damage to 
the corticospinal tracts in the brainstem and the spinal nerve roots in children with AHT, in 
conjunction with widespread hypoxic-ischaemia.88-90 The authors of these studies suggest that 
local traumatic damage to the brainstem, including the respiratory centres, results from 
stretch injury from a cervical hyperextension/flexion mechanism.88-90 It is proposed that such 
damage may be responsible for apnoea and subsequent hypoxia, leading to brain swelling and 
ensuing death, and that the diffuse axonal injury (DAI) in the majority of cases is therefore 
hypoxic rather than traumatic.88-90 A recent comparative study of infants with AHT and nAHT 
found that in those with AHT, cervical ligamentous injury was positively correlated with 
hypoxic-ischaemic injury,26 while in a retrospective review of children evaluated for suspected 
AHT, 83% of children with both cervical spine injuries and diffuse hypoxic brain injury were 
diagnosed with AHT,94 lending support to this interpretation. Further studies have similarly 
documented an association between cervical spine injuries and hypoxic-ischaemia.95, 96 
However, since hypoxic brain injury is present both with and without cervical spinal injury, it is 
doubtful that cervical spinal injury is the sole contributor to the pathogenesis of hypoxic-
ischaemia in AHT.26, 89, 94, 97 Researchers have suggested that hypoxemia from respiratory 
insufficiency results from delayed medical attention and/or repeated traumatic events, or loss 
of airway protective reflexes.86, 98 Some have proposed that seizure activity in AHT patients 
may be related to hypoxic-ischaemia, and that seizures exacerbate brain injury via excitotoxic 
mechanisms, or by inciting further respiratory insufficiency.86  
1.5.3 Associated injuries  
It is generally accepted that the major mechanism by which RH occurs in AHT is 
vitreoretinal traction caused by transmission of force through the soft tissue connections 
between the eye and the brain (lens, vitreous and retina) during repetitive acceleration-
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deceleration.99-102 Impact forces to the head can cause deformation of bone beyond its failure 
strength, resulting in skull fracture.82 Rib or long-bone fractures are caused by compression of 
the child’s thorax, arms or legs, or jerking of the limbs during a shaking incident.42 Visceral 
injuries including both hollow and solid organ injuries typically result from direct impact from 
blows or kicks.29  
Concerning spinal injury, several mechanisms have been proposed.25 As noted above, 
cervical damage is thought to arise from stretching injury caused by hyperextension/flexion 
trauma.88-90 Certain anatomical characteristics of the infant neck render infants more 
vulnerable to cervical injury, including low muscle tone, horizontally oriented facet joints, 
underdeveloped intervertebral joints, and laxity of spinous ligaments; in addition, the 
relatively large head to body ratio of an infant makes them more susceptible to cervical 
injury.103-105 These features may explain the presence of injury to the cervical spinal cord, 
ligaments and extra-axial structures in children with AHT with few associated spinal skeletal 
fractures.15, 26, 88-90, 97, 106-108 Thoracolumbar spinal SDHs have also been reported in children 
with AHT.26, 106, 108, 109 Gruber and Rozzelle110 purport that the subdural bleeding is caused by 
ruptured blood vessels around the spinal cord resulting from hyperflexion if the infant is 
gripped and shaken by the thorax. Other authors have hypothesized that tracking of 
intracranial SDH into the spinal compartment can explain these findings.106, 109 Further studies 
are needed to explore the proposed mechanisms of spinal injury in AHT.25  
1.5.4 Can shaking alone cause intracranial injury? 
Several authors have questioned the assertion that shaking alone is sufficient to cause 
ICI,13, 111-113 leading to intense courtroom debate and even overturned convictions in some 
cases.53, 114-116 In a landmark biomechanical study using doll models, Duhaime et al.13 assessed 
the forces generated by both shaking and impact and concluded, based on established injury 
thresholds, that the forces subjected to an infant’s head during shaking in the absence of 
impact were insufficient to cause concussion, SDH or axonal injury. However, the biofidelity of 
the model used in this study was criticized, based on observations in subsequent studies that 
changes in various parameters produced substantially different findings.117, 118 In Cory and 
Jones117 study, angular head accelerations with shaking were produced that exceeded those 
demonstrated in the Duhaime study13 and also exceeded concussion thresholds. The 
sensitivity of the findings to surrogate design strongly underscores the need for accuracy in the 
biofidelity of surrogates used to represent infants in studies investigating injury mechanisms in 
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abusive or accidental trauma.119 In addition, the established injury thresholds used in the 
Duhaime study13 were derived from adult primates, and are therefore not necessarily 
applicable to human infant brains.120 As described above, the physical features of the infant 
brain are significantly different from the adult brain, and there is increasing evidence that the 
biochemical and metabolic responses to head injury, and AHT in particular, in infants are 
fundamentally different to the responses of older children or adults.121-126 In short, injury 
thresholds for the infant head and brain are unknown.127 Finite element models have 
demonstrated that shaking alone could induce rupture of the bridging veins and therefore 
cause SDH128, 129 however such models are limited by their ability to approximate a real-world 
scenario, and the requirement for validation against experimental data.119 Further research is 
required to establish more appropriate injury thresholds and to develop biofidelic surrogates 
in addition to more accurate computer models.119, 130 Therefore, firm conclusions regarding 
whether or not shaking alone can cause the injuries seen in AHT cannot be drawn based on the 
current biomechanical evidence-base, and it is impossible to state with any degree of accuracy 
the amount of force necessary to cause ICI in children.91, 119 Human experimental studies are 
clearly out of the question for ethical reasons. 
Despite this, there is a consensus among experts that the constellation of serious 
injuries associated with AHT do not result from normal handling of the child, rough play, or 
minor trauma, and that violent forces are implicated.45, 51, 131-133 In addition, many high quality 
comparative studies have demonstrated that the nature and pattern of ICI following AHT are 
clinically, radiographically and pathologically distinct from ICI resulting from accidental falls.8, 
10, 19, 70, 98, 134-137 Evidence of impact is also significantly less common in children with AHT than 
in children with accidental injuries.98 Finally, many researchers have documented perpetrator 
confessions of shaking.2, 137-144 In these studies, perpetrators have admitted to shaking alone, 
impact alone, or shaking with impact. In one study, the frequency of SDHs was similar in all 
three scenarios, while RH were more frequent in the shaking only cases, leading the authors to 
conclude that shaking alone is sufficient to cause both SDH and RH.138 Dias120 emphasized that 
the consistent confessions by perpetrators of shaking their child overwhelmingly suggests that 
shaking is an important element of AHT whether or not associated impact injury is found in the 
child. When all of the considerations are taken together, there is ample evidence that violent 
shaking of infants and children can cause serious head injury.120  
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1.6 Epidemiology of abusive head trauma 
1.6.1 Incidence of abusive head trauma 
Worldwide estimates of the incidence of AHT are remarkably similar.145, 146 
Population-based studies of AHT estimate an incidence ranging from 5.1–34.4/100,000 
population for children less than two years of age,11, 17, 147-153 shown in Figure 1.2, and 8.5–
55.9/100,000 population for children less than one year of age,11, 18, 147-161 shown in Figure 1.3. 
Studies assessing the effect of prevention programs on the incidence of AHT have estimated 
similar rates in these age groups.162-164 In infants aged less than six months old the incidence 
rises to 36/100,000 population.17 Although the majority of AHT occurs in children less than one 
year of age,165 AHT has also been identified in older children.166 Incidence estimates of AHT in 
children less than three, four, five and six years old are comparable to the rates estimated for 
younger children.167-174 The incidence of fatal AHT has been estimated at 0.20 per 100,000 
population for children less than four years old175 and 2.3–4.4 for infants less than one year of 
age.161, 169, 175, 176 
However, the true incidence of AHT is unknown as it is difficult to establish, and 
incidence rates are likely to be grossly underestimated.177-179 This is because AHT can be 
missed by medical professionals due to the challenges in identifying AHT,31, 180-182 or AHT can 
be recognized but not reported to child protection (CP) authorities.183 Some children with mild 
symptoms or “subclinical” injury resulting from AHT may not present to hospital and thus will 
not be seen by medical professionals at all.184, 185 Anonymous parental self-reports of physical 
abuse highlight that the incidence of AHT is likely much higher than the rate suggested by 
hospital presentations.184-186 One survey of 1,435 mothers in the Carolinas demonstrated that 
2.6% reported shaking their children less than two years of age as a means of discipline.184, 185 
In addition, incidence studies use different populations, data sources, definitions of AHT, age 
groups and case ascertainment strategies.177-179  
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Figure 1.2 Estimated annual incidence of abusive head trauma in children less than two years of age 
 
Studies are listed by first author, date of publication, country, years the incidence estimates relate to, if applicable, and the definition of abusive head 
trauma or incidence used, if applicable. One study (Wirtz, 2008) did not give 95% confidence intervals for their incidence estimates.  
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Figure 1.3 Estimated annual incidence of abusive head trauma in children less than one year of age 
 
Studies are listed by first author, date of publication, country, year the incidence estimates relate to, if applicable, and the definition of abusive head 
trauma or incidence used, if applicable. Two studies (Talvik, 2006 and Wirtz, 2008) did not give 95% confidence intervals for their incidence estimates.        
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1.6.2 Risk factors associated with abusive head trauma 
Risk factors associated with AHT include child characteristics, perpetrator/family 
characteristics and societal risk factors. Children with AHT can also present with no identifiable 
risk factors; these cases may be particularly challenging for decision-makers.187 Risk factors 
associated with AHT should not be used to create a “patient profile” of abuse; to do so would 
generate heuristics that would give rise to cognitive diagnostic errors.188 Rather, risk factors 
should be considered as additional background information that may support a diagnosis of 
AHT or alternatively inform a CP plan or future provision of services to the family, when 
considered in the context of the entire case.188, 189 The role of bias and heuristics in decision-
making in possible AHT cases is discussed further in Chapters 2 and 3. 
1.6.2.1 Child characteristics 
Child risk factors associated with AHT include young age, with infants less than six 
months old being at particular risk.10, 16 Male child gender has been reported as an associated 
risk factor in some studies,11, 147, 190, 191 however gender was found to be non-discriminatory in 
a systematic review of features associated with AHT and nAHT.24 Relentless crying has been 
consistently associated with AHT, and therefore children who cry a lot or who have care-givers 
who are unable to tolerate persistent crying may be at increased risk for AHT.2, 186, 192, 193 
Perpetrator admissions and anonymous surveys show that care-givers report shaking, slapping 
or smothering infants in order to stop them crying.2, 186 Studies have correlated the peak age-
related incidence of AHT with normal patterns of infant crying, suggesting that infant crying 
may act as a trigger for AHT.192-194 Other child characteristics associated with AHT include 
perinatal illness, prematurity and birth defects.191, 195, 196 
1.6.2.2 Perpetrator/family characteristics  
Perpetrators in AHT cases where the child is hospitalised are most often male.12, 190 
In one study, it was found that 70% of the perpetrators were the father, stepfather or the male 
partner of the mother.12 In several retrospective case series, evidence of repeated abuse was 
noted in over 60% of victims of AHT, highlighting that children who have been abused in the 
past are at increased risk for AHT.12, 180, 197 Family risk factors associated with AHT include 
young maternal age,11, 196 familial dysfunction including domestic violence, psychiatric illness 
and drug or alcohol abuse,195, 198 and lower levels of parental education.19, 149 Unrealistic care-
giver expectations of an infant’s ability to regulate their behaviour have also been linked to 
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AHT.199 The literature on the relationship between ethnicity/race and AHT is conflicting.11, 62, 
148, 149, 153, 172, 175 Sinal et al.172 found no significant difference in AHT incidence between 
Caucasian and non-Caucasian infant populations in a US sample, whilst other studies suggest 
that minority group ethnicity may be an associated risk factor for AHT.148, 149, 153 Compared to 
other ethnic groups, fatal AHT incidence estimates are higher for non-Hispanic African-
Americans.175 Researchers have suggested that the apparent association between AHT and 
ethnicity may be confounded by socioeconomic status (SES) or social adversity.11, 62, 148, 200 In 
addition, ethnic and racial bias in the classification and referral of AHT has been reported, 
where medical professionals are more likely to classify a head injury case as AHT when the 
infant belongs to a minority ethnic group.31, 201, 202  
1.6.2.3 Societal risk factors 
Societal risk factors related to AHT include low family SES and social deprivation.147, 
154, 167, 203, 204 An AHT incidence study in South-East Scotland found that 64% of victims of AHT 
were categorised in the lowest quintile of social deprivation at the time of the incident, based 
on the Scottish Index of Multiple Deprivation.154 It is hypothesized that low SES is associated 
with high levels of parental stress and psychopathology, which in turn increase the likelihood 
of AHT occurring.205-207 However, a recent comparative study of AHT and nAHT cases referred 
to a hospital CP team found that the probability of AHT was similar regardless of either 
ethnicity or SES.62 The authors cautioned that the decision to refer a head-injured child for 
assessment for possible AHT should not be influenced by these demographic variables and that 
screening for AHT on this basis would be unsafe.62 Finally, evidence suggests that the incidence 
of AHT may be higher for some children of military families,191 during and after an economic 
recession,170, 208, 209 and in the months following a natural disaster.210  
1.7 Outcomes of abusive head trauma 
Numerous studies and reviews have demonstrated that outcomes for victims of AHT 
are poor.20, 21, 211-224 Most studies report mortality rates of around 20–25%,12, 20, 30, 45, 190, 212, 
216, 225-227 while mortality resulting from accidental head injury is estimated at 2% for children 
less than three years of age.224 Clinical predictors of mortality in children with AHT include an 
initial Glasgow Coma Scale score of 3 or 4-5, RH, intraparenchymal haemorrhage (IPH), and 
cerebral oedema.228  
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Short-term and long-term outcomes for children who survive AHT are grave. 
Impairments include neurologic manifestations such as hemiplegia, quadriplegia, sight, hearing 
and speech problems, cerebral palsy, and epilepsy,212, 213, 215-217 in addition to pervasive and 
enduring cognitive, behavioural and developmental deficits.21, 221-223 Even those who appear 
to have few or no impairments at short-term follow-up have been found to exhibit poor 
neurocognitive functioning some year’s later.215, 216, 229  
The clinical presentation and injuries are much more severe, and outcomes much 
worse, in AHT than nAHT.10, 16, 98, 135, 195, 230, 231 Around two thirds of children with AHT have 
moderate or severe neurodisability.12, 17, 169, 216, 224, 225 Two studies found that 53%–54% of 
children with AHT had serious neurological sequelae compared to 7%–11% with nAHT.9, 214 
Approximately half of severely injured survivors of AHT die before the age of 21 years and it is 
estimated that severely injured patients have a reduction in their health-related quality of life 
of 55.5%.218 Even those with minor injuries have an estimated reduction of 15.5% in their 
quality of life.218   
A variety of clinical and radiographic factors are associated with poorer outcomes in 
AHT.221 As expected, poorer outcomes are related to the severity of the clinical presentation 
and injuries and the extent of the brain lesions observed on neuroimaging.98, 216, 221, 232 
Cerebral oedema, seizures, apnoea, and hypoxic-ischaemia are also associated with worse 
neurologic and developmental outcome.91, 233-237 Overall, the severe outcomes observed in 
children with AHT affect their everyday functioning and ability to interact with the 
environment, leading to future problems with education, community integration and social 
attainment.20, 221  
1.7.1 Costs of abusive head trauma 
The poor outcomes for victims of AHT result in significant societal costs, including 
direct costs related to medical care and rehabilitation, and indirect costs associated with 
reduced productivity, lost earnings or legal proceedings.167, 238-242 Many children who survive 
AHT require long-term and even life-long multidisciplinary medical care, rehabilitation and 
therapy, and specialized educational support.12, 216 A recent study conducted in the US 
estimated lifetime costs to be 2.6 million US dollars per surviving victim of AHT,242 while a 
similar study conducted in New Zealand estimated direct lifetime costs of over 1 million NZ 
dollars per child with AHT.239 Compared with children with nAHT, children with AHT are 
hospitalized for longer and have higher inpatient medical costs, even after controlling for 
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injury severity.238 Their use of ancillary medical resources such as home health services and 
occupational, physical and speech therapy is also higher.230 In addition, a study comparing 
medical care between patients with and without AHT diagnoses found that a diagnosis of AHT 
is associated with increased medical use and costs for many years following discharge.240  
1.8 Legal issues in abusive head trauma cases 
Although AHT is accepted within the medical community as a legitimate medical 
diagnosis,49-54 its validity has been questioned in the legal literature,243, 244 in the media,245-247 
in judicial decisions,248, 249 and in some medical literature.250-252 Critics often perpetuate the 
view that, contrary to medical opinion, there is widespread “controversy” or “debate” 
regarding the scientific basis for AHT within the medical community.245, 253 This has caused 
confusion in the courtroom, has impacted upon clinician’s confidence in making a diagnosis of 
abuse and testifying in court,254 and in some cases has had a devastating impact on family and 
criminal proceedings and the future protection of children.255-257  
Convictions based on the triad of SDH, RH, and encephalopathy alone, without 
evidence of extracranial injuries such as bruising and fractures, have been appealed and 
quashed.116 This was largely due to the emergence of a “unified hypothesis” in the medical 
literature proposing that the triad of injuries could be caused by hypoxia, leading to brain 
swelling, which, combined with raised intracranial pressure (ICP), could cause both SDH and 
RH.258 This hypothesis was quickly dismissed, including by the author who proposed it,116 but it 
continued to be propagated by others, in various forms, in subsequent cases.259 A recent 
report out of Sweden queries the existence of AHT based on the fact that there are alternative 
explanations for each component of the triad, and the incorrect and ignorant assumption that 
clinicians diagnose AHT based solely on the presence of the triad.251, 252 Although they are not 
diagnostic or pathognomonic for AHT, the features of the triad, whether combined or in 
isolation, are highly suggestive of AHT in the absence of an adequate accidental explanation or 
differential diagnosis, and warrant a full child abuse work-up alongside a comprehensive work-
up for other potential diagnoses.52 The Swedish report has been broadly condemned by 
numerous experts in the field,56, 260-265 and the Royal College of Paediatrics and Child Health 
(RCPCH) has called for its withdrawal and retraction “for the sake of the unbiased protection of 
children who may have been physically assaulted and suffer AHT”.266(p.609) Similarly, an earlier 
piece of medical literature oft-cited by opponents of AHT and described as an evidence-based 
systematic review,250 suffers flaws in its search strategy, review question and application of 
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criteria for assessing bias and study quality, and has been widely discredited by expert 
clinicians, lawyers and researchers alike.51, 53, 267 
Numerous other scientifically unsupported theories have been proposed in court to 
explain the findings resulting from AHT,268-271 exacerbating the confusion within the legal 
arena, the media and the public. Many such theories, and general approaches in the 
courtroom, focus on individual injuries in isolation, conveniently ignoring other injuries and 
failing to take into account the full clinical picture and the pattern of the presenting injuries as 
a whole.51, 272 Tragically, in one recent UK case in which a father had a conviction for shaking 
his five-week old daughter quashed, he subsequently went on to kill the child within a year 
following her re-release into his care, inflicting “catastrophic skull and brain injuries from 
which she very quickly died”.256(p.1) In this case, the original shaking conviction was overturned 
as the RH “resolved without evidence of residual damage”,255(p.24) leading to the conclusion 
that “there was no rational basis on which a jury, in the light of the ophthalmological evidence, 
could reject an unknown cause”.255(p.27) This was in spite of an acknowledgement that “there is 
no doubt that there was an encephalopathy and that there were subdural 
haemorrhages”.255(p.25) An alternative theory of causation put forward in this case was that the 
SDH was a re-bleed of a birth-related chronic SDH, a theory for which there is no sound 
scientific basis.273-275 
1.9 The importance of timely and accurate identification of abusive head trauma 
Timely and accurate identification of AHT is crucial for the protection of the child and 
any siblings or other children who may be exposed to the perpetrators of the abuse. 
Identification of AHT can be lifesaving. In a seminal study describing missed cases of AHT, 
Jenny et al.31 found that four of five deaths in children with a missed diagnosis of AHT may 
have been prevented if the abusive mechanisms had been recognized during prior medical 
evaluations. Altogether, 54/173 children (31.2%) with AHT had been seen previously by 
clinicians for symptoms associated with head injury, but the diagnosis went unrecognized. Of 
these, 22 (40.7%) suffered medical complications associated with the missed diagnosis, and 15 
(27.8%) were subsequently re-injured following discharge. In a similar, multicentre study 
investigating prior opportunities to identify abuse in children with AHT almost two decades 
later, Letson et al.182 demonstrated that 59/232 children (25%) had at least one prior 
opportunity to identify abuse in a medical setting, highlighting that abuse continues to go 
unrecognized by clinicians, with devastating consequences for children. As in the study 
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conducted by Jenny et al.,31 some deaths due to AHT in children in whom abuse was initially 
missed were potentially preventable.182  
Numerous other studies have shown that physical abuse is rarely a one-off event, and 
that children are subjected to repeated and sustained episodes of abuse, many of which 
frequently go undiagnosed.2, 180, 276-284 King et al.281 showed that seven of 37 children (19%) 
who had died from abuse were evaluated by a clinician during the month preceding their fatal 
injury. Repeated and violent episodes of shaking were reported in 55% of cases in a study of 
judicial admissions of AHT, with some perpetrators admitting to violently shaking their child in 
up to 30 separate incidents.2 Sheets et al.277 conducted a retrospective case-control study 
investigating the occurrence of sentinel injuries (previous injuries suspicious for abuse) 
including bruising and intraoral injuries, in infants evaluated for physical abuse in a hospital 
setting. They found that 27.5% (55) of 200 infants diagnosed with definite abuse had previous 
sentinel injuries, compared with none of the 101 children diagnosed with accidental injury or 
medical causes.277 Further evidence for missed AHT is offered by studies reporting that 
children admitted to hospital with a normal neurological examination and injuries suspicious 
for abuse including rib fracture, healing fractures, facial injury or apparently isolated bruising, 
exhibit high rates of occult head injury including ICI, when they are subsequently screened for 
AHT.181, 285-288  
However, on the other hand, an incorrect diagnosis of abuse has profound 
psychological, emotional, societal and legal consequences for the families involved, including 
disruption of the family if the child is removed from the home and placed in foster care, job 
loss, unnecessary social services investigation and legal proceedings, and wrongful prosecution 
and incarceration.289 Children may undergo unnecessary tests and be needlessly exposed to 
radiation from radiological investigations.290, 291 Given the clinical dilemma and the high stakes 
associated with an incorrect diagnosis, an intervention to assist in the accurate identification 
of AHT is clearly warranted.  
1.10 Clinical prediction rules for assisting in diagnosis 
CPRs are decision-making tools for clinicians that provide a probability of a disease or  
outcome or suggest a diagnostic or therapeutic course of action, based on three or more 
variables from a patient’s history, physical examination or diagnostic tests.292 They are 
designed to improve the accuracy of clinical decision-making, and are of most value in 
situations where decision-making is difficult, the clinical stakes are high, and a clinician’s 
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intuition may be misleading.293 The current introductory review has demonstrated that AHT is 
a serious and potentially debilitating or fatal condition with a complex and variable clinical 
picture, and that it may be missed in the clinical setting. Epidemiological studies highlight that 
AHT is rare enough that some clinicians may only see a handful of cases in their career. There 
is doubt seeded around the validity of the diagnosis of AHT in the legal arena and in the media, 
which has impacted upon clinician’s confidence to diagnose AHT. The evaluation and 
interpretation of clinical features forms a crucial part of the assessment process in children 
with suspected AHT, within the context of identified risk and predisposing factors, and while 
the mechanisms of AHT and nAHT may share some similarities, there are differences that 
result in differing injury patterns and pathology. Therefore, it is feasible that clinical features 
differ between children with AHT and children with nAHT, and that certain clinical features 
may be predictive of AHT. Taken together, the literature thus far suggests that the diagnosis of 
AHT is complex and of great consequence, and that evidence-based clinical decision-making 
tools may aid clinicians in discriminating between AHT and nAHT. It is for this reason that the 
PredAHT CPR was created. Chapter 2 provides further evidence that the diagnosis of AHT is 
challenging for clinicians, and Chapter 3 further describes the logic underlying CPRs.  
1.11 The Predicting Abusive Head Trauma clinical prediction rule  
The PredAHT CPR was developed to assist clinicians in deciding which children < 3 
years of age with ICI identified on neuroimaging, require additional specialist clinical, 
multidisciplinary or multiagency investigations for possible AHT.59, 60 PredAHT was derived 
following a systematic review of the clinical features associated with AHT and nAHT24 and a 
pooled analysis of individual patient data.59 PredAHT estimates the probability of AHT in 
children < 3 years of age with ICI, based on combinations of six clinical features (Table 1.1). It is 
intended for use by any clinician involved in the evaluation of children where AHT may be 
considered within the differential diagnosis, alongside their clinical judgment and in 
combination with all other information about each case. In an external validation study, 
PredAHT performed with a sensitivity of 72.3% and a specificity of 85.7% using a 50% 
probability cut-off.60 The derivation and validation of PredAHT, and its development into a 
computerised CPR, is described in detail in Chapter 4.  
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Table 1.1 The six clinical features included in the Predicting Abusive Head Trauma clinical prediction rule 
Feature Description 
Head or neck bruising Any documented bruising to head or neck 
Seizures Any documented seizures from a single seizure to status epilepticus 
Apnoea Any apnoea documented in the initial history or during inpatient stay 
Rib fracture Any rib fracture documented after appropriate radiologic imaging 
Long-bone fracture Any long-bone fracture documented after appropriate radiologic imaging 
Retinal haemorrhage Any retinal haemorrhage documented after indirect ophthalmologic 
examination by a paediatric ophthalmologist 
 
Reproduced with permission from Cowley et al., Pediatrics, Vol. 136, Page 292, Copyright © 2015 by the American Academy of Pediatrics 
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1.12 Gaps in the evidence-base and rationale for the research 
It is widely acknowledged in the literature that there are three main stages involved in 
the development of CPRs; derivation; validation and refinement; and impact analysis to 
determine their impact on clinician behaviour and patient care.293-300 The three main stages of 
development correspond to increasing hierarchies of evidence.293, 299, 300 Stiell and Wells301 
consider a further stage to be important prior to the derivation of a CPR, namely, identifying 
the need for a CPR. The current introductory review and the literature review reported in 
Chapter 2 address the issue of whether a CPR for AHT is needed.  
Evaluating the impact of a CPR has been described as “the next painful step” in the 
development process.302 Unfortunately, compared to the number of new CPRs that are 
derived, few are externally validated and even fewer have undergone impact analysis to 
establish their actual effect on process outcomes or relevant patient outcomes.303-307 Many 
CPRs are developed for the same purpose,308-314 and there is an urgent need to change the 
focus from the derivation of new CPRs to the validation and impact analysis of existing ones.300 
In addition, it is recommended that extensive exploratory and preparatory work is undertaken 
prior to a formal experimental impact analysis study, to assess the acceptability of the CPR and 
the feasibility of conducting such a study in clinical practice.300 Recent systematic reviews of 
impact studies of CPRs have found that the risk of bias in many studies is either high or 
unclear,306, 307 and that few CPRs are adequately prepared for experimental impact analysis.306 
PredAHT has been derived and externally validated; the next stage is to test its impact in 
clinical practice. However, first there is a need to understand if this is feasible, and whether 
PredAHT is acceptable to CP professionals. This thesis therefore presents a series of empirical 
studies exploring the acceptability and potential impact of PredAHT, and the feasibility of 
evaluating its actual impact in clinical practice. 
1.13 Frameworks to guide the development and evaluation of a clinical prediction rule 
1.13.1 The Medical Research Council framework for the development and evaluation of 
complex interventions 
Since CPRs aim to influence clinician behaviour and decision-making, they should be 
regarded as complex interventions.315-321 By convention, a complex intervention is defined as 
an intervention comprised of several interacting components.322 The impact of a CPR on 
clinical practice will depend on multiple components that interact, including the accuracy of 
the rule, clinicians’ interpretation of probabilities, and clinicians’ adherence to the rule.317 
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Thus, the Medical Research Council (MRC) framework was used to guide the development and 
evaluation of PredAHT, and the planning and design of the empirical studies presented in this 
thesis.322, 323 The MRC framework provides guidance for researchers on the development, 
evaluation and implementation of complex interventions to improve health, and advocates a 
systematic, phased approach to intervention development and evaluation.322, 323 Four phases 
of development and evaluation are outlined, which need not follow a linear or cyclical 
sequence (Figure 1.4).  
Figure 1.4 The four phases of the development and evaluation of complex interventions as 
outlined in the Medical Research Council guidance 
Adapted with permission from BMJ Publishing Group Limited. [Developing and evaluating 
complex interventions: The new Medical Research Council guidance, Craig, P., 337; a1655, 
2008]. The work undertaken in this thesis relates to the “development” and 
“feasibility/piloting” phases, shaded in red. 
During the development phase, researchers should identify the evidence-base, identify 
relevant theories to develop a theoretical understanding of the likely process of change, and 
model processes and outcomes of the intervention. Studies relating to the development of 
PredAHT are reported in Chapters 2, 3 and 4. Chapter 2 reviews the literature on the 
challenges associated with identifying AHT, to demonstrate that a CPR that provides an 
evidence-based estimate of the probability of AHT is likely to be of value to clinicians. Chapter 
3 reviews theories of clinical diagnostic decision-making and details the mechanisms by which 
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CPRs may improve clinician’s decision-making. Chapter 4 describes the previous derivation of 
the PredAHT regression model based on a systematic review of the clinical features associated 
with AHT and nAHT, and the subsequent validation of PredAHT on novel data. The findings 
from Chapter 3 were used to inform the development of a computerised version of PredAHT 
based on the regression model, detailed in Chapter 4.  
The “feasibility and piloting” phase involves initial testing of the acceptability and the 
feasibility of the intervention, prior to a full-scale evaluation study. The acceptability of 
PredAHT to CP professionals is investigated in Chapter 5, and the potential impact of PredAHT 
on clinical decision-making is tested in a clinical vignette study reported in Chapter 6. Finally, a 
multisite feasibility study was conducted to assess whether the impact of PredAHT can be 
evaluated in clinical practice; this is reported in Chapter 7. The “evaluation” phase is used to 
assess the effectiveness and cost-effectiveness of the intervention and to develop an 
understanding of change processes. In the final phase, if the intervention is acceptable, 
feasible, and demonstrates evidence of effectiveness, it can be implemented, which requires 
dissemination, surveillance and monitoring of the intervention, and long-term follow-up.  
1.13.2 Frameworks for the development and evaluation of clinical prediction rules 
Although there is an abundance of methodological guidelines for the derivation and 
validation of CPRs,324 in comparison there is a lack of clear guidance for the design, conduct 
and reporting of impact analysis studies of CPRs. To this end, Wallace and colleagues300 
formulated an iterative four-phased framework for the impact analysis of CPRs, specifying the 
importance of substantial preparatory and feasibility work prior to the conduct of a full-scale 
formal experimental study (Figure 1.5). This framework was used to guide the work presented 
in this thesis.  
Phase 1 involves determining whether the CPR is ready for impact analysis i.e. whether 
it has been rigorously derived and broadly validated according to pre-defined methodological 
standards. Phase 2 includes assessing the acceptability of the CPR and identifying potential 
barriers to its uptake and implementation, as well as assessing the feasibility of conducting an 
impact study. Evaluating the feasibility of carrying out an impact study involves consideration 
of multiple factors including the most appropriate study design for measuring relevant 
outcomes, and how the CPR will be delivered at the point of care or integrated into the clinical 
workflow. Phase 3 involves formally testing the impact of the CPR using a comparative study 
design. Phase 4 involves long-term dissemination and implementation of the CPR. The body of 
work undertaken in this PhD thesis relates to phases 1 and 2. In Chapter 4, consideration is 
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given as to whether PredAHT is ready for impact analysis, and the acceptability, potential 
impact and feasibility of PredAHT are investigated in Chapters 5, 6 and 7, respectively.  
Figure 1.5 The four phases of impact analysis for a clinical prediction rule 
 
Reproduced with permission from Wallace et al. (2011). The work undertaken in this thesis 
relates to Phases 1 and 2, shaded in red. 
1.14 Aims and objectives of this PhD thesis 
This PhD thesis aims to build on the knowledge gained from the derivation24, 59 and 
validation60 of PredAHT. The primary aims of this thesis were to 1) develop a computerised 
version of PredAHT for use in clinical practice, and 2) to determine the utility of PredAHT in 
assisting in the identification of AHT, using mixed methods. Three empirical studies were 
conducted based on existing frameworks and guidance for the development and evaluation of 
CPRs.300, 301, 322, 323 
There were six objectives of this PhD thesis: 
1. To undertake a review of the literature on the challenges associated with the 
identification of AHT using systematic search methods. 
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2. To review relevant theories of clinical decision-making and the logic of CPRs using 
systematic search methods. 
3. To describe the previous derivation and validation of PredAHT, present a critical 
appraisal of PredAHT and other CPRs for AHT, develop a computerised version of 
PredAHT using Shiny, a Web application framework for the R language and 
environment for statistical computing, and to validate the computerised PredAHT in an 
Australian/New Zealand population. 
4. To assess the acceptability of PredAHT with a range of CP professionals, using 
qualitative methods. 
5. To explore the potential impact of PredAHT on clinicians’ judgments and decision-
making, using clinical vignettes. 
6. To assess the feasibility of evaluating the impact of PredAHT in clinical practice, using 
mixed methods. 
 
Each phase of work presented in this thesis was guided by two phases of the MRC 
framework.322, 323 Phase one, which involved the development of a computerised version of 
PredAHT for use in clinical practice, included a literature review of the challenges involved in 
identifying AHT, a review of potentially relevant theories related to clinical diagnostic decision-
making in suspected AHT cases, and a review of the derivation and validation of PredAHT. The 
computerised PredAHT was then created based on the findings of this work. Phase two 
consisted of evaluating the utility of PredAHT in assisting in the identification of AHT and 
involved a qualitative study with a range of CP professionals, a clinical vignette study with 
clinicians, and a multisite feasibility study of the use of PredAHT in clinical practice. Figure 1.6 
presents a schematic of the work conducted for this thesis according to the relevant phases of 
the MRC framework and the aims and objectives of the PhD.
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Figure 1.6 A schematic of the work presented in this thesis, according to the aims and objectives of the PhD and relevant phases of the Medical 
Research Council framework 
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1.15 Thesis structure  
This introductory chapter has described the context, main concepts, rationale, gaps in 
the evidence-base, and aims and objectives for this thesis. This thesis contains 7 further 
chapters.  
 
Chapter 2. Identifying Abusive Head Trauma: The challenge for clinicians 
Chapter 2 presents a review of the literature of the challenges associated with 
identifying AHT in clinical practice. This review was conducted to demonstrate why a CPR in 
this field is required and why it is likely to be beneficial to clinicians in assisting in the 
identification of AHT. 
 
Chapter 3. Clinical decision-making and the logic of clinical prediction rules 
Chapter 3 presents a review and critical appraisal of a selection of clinical decision-
making models, theories and approaches that are relevant to the diagnosis of AHT, and a 
review of the logic underpinning CPRs. This review was conducted to gain a theoretical 
understanding of clinical decision-making in suspected AHT cases and the mechanisms by 
which CPRs may improve clinician’s decision-making. The findings informed the development 
of the computerised PredAHT tool reported in Chapter 4. 
 
Chapter 4. Development of the Predicting Abusive Head Trauma clinical prediction 
 tool 
Chapter 4 reports the systematic process used to create the novel computerised 
PredAHT clinical prediction tool, and a critical appraisal of PredAHT against other CPRs for the 
identification of AHT. The chapter describes the previous derivation and validation of PredAHT, 
a systematic review, comparison and critical appraisal of validated CPRs for AHT, the 
development of PredAHT into a computerised tool, and the external validation of the 
computerised PredAHT on an Australian/New Zealand dataset.  
 
Chapter 5. Acceptability of the Predicting Abusive Head Trauma clinical prediction 
 tool: A qualitative study with child protection professionals  
Chapter 5 presents findings from a novel qualitative interview study with clinicians, 
child protection social workers (CPSWs), police officers, pathologists and lawyers. Interviews 
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explored factors influencing decision-making and multidisciplinary collaboration in suspected 
AHT cases, and attitudes towards PredAHT.  
 
Chapter 6. Potential impact of the validated Predicting Abusive Head Trauma clinical 
 prediction tool: A clinical vignette study 
Chapter 6 presents findings from a novel vignette-based cross-sectional survey study 
with clinicians involved in suspected AHT cases. Using six clinical vignettes, this study explored 
the impact of PredAHT on clinicians’ probability estimates of AHT, and their proposed CP 
actions, and assessed the degree of agreement between clinicians’ opinions both before and 
after they used PredAHT.   
 
Chapter 7. Evaluating the impact of the Predicting Abusive Head Trauma clinical 
 prediction tool in clinical practice: A feasibility study 
Chapter 7 presents findings from a novel feasibility study of the evaluation of PredAHT 
in clinical practice. A multisite, non-randomised, before—after study within the same clinicians 
was conducted, with a substantial qualitative element. Clinicians applied PredAHT to all 
consecutive children less than three years of age admitted to two UK teaching hospitals with 
ICI, and participated in an interview where they discussed PredAHT in relation to the case.  
 
Chapter 8. General discussion  
Chapter 8 summarises the main findings of this thesis, highlights the novel 
contributions of this thesis to the evidence-base, and discusses the findings in relation to 
theory. The strengths and limitations of the frameworks used to guide the research presented 
in this thesis are discussed and the advantages of the mixed-methods approach are 
highlighted. Finally, the implications of the thesis for research and practice are outlined. 
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2 Identifying Abusive Head Trauma: The challenges for 
clinicians 
2.1 Chapter overview 
This chapter presents a review of the literature of the challenges faced by clinicians in 
identifying AHT. The introduction to this chapter will provide the background and rationale for 
this literature review. Then, the aim of the chapter will be presented, followed by the 
literature search strategy and a description of the challenges associated with the identification 
of AHT in clinical practice. Challenges identified relate to the accuracy of the history provided 
by the care-giver, variability in the clinical manifestations of AHT, potential differential 
diagnoses, forensic considerations, clinician bias, alternative theories of causation and the 
evaluation of suspected AHT. The findings will be discussed, and the implications of this 
literature review for this thesis will be described.  
2.2 Introduction 
As described in Chapter 1, the MRC framework for developing and evaluating complex 
interventions emphasizes the importance of a systematic approach to intervention 
development based on the best available evidence.322, 323 It is imperative to identify the 
relevant, existing evidence-base in order to gain an understanding of whether an intervention 
is likely to be effective.322, 323 The very first stage in the development of CPRs is to identify if 
there is a need for the CPR.301 Investigators rarely justify why a CPR is needed,325, 326 or why a 
CPR for a particular condition is likely to be of value to clinicians.301 The literature reviewed in 
Chapter 1 provided preliminary evidence that the diagnosis of AHT is complex, that clinicians 
are failing to accurately diagnose AHT, and that there are serious consequences associated 
with an incorrect diagnosis. Cases of AHT are frequently missed, and many children who are 
returned to an abusive environment are subsequently reinjured or killed, emphasizing the 
challenges in identifying AHT and protecting children from repeated abuse or subsequent fatal 
AHT.31, 182, 277, 282 
Although a great deal has been written about the diagnosis and identification of AHT 
with regard to injury mechanisms, outcomes, clinical features, differential diagnoses, and the 
evaluation of suspected AHT, in comparison there is little information in the literature about 
the challenges faced by clinicians in identifying AHT.289 There are some useful 
commentaries,289, 327 but few literature reviews that specifically focus on the difficulties 
associated with the identification of AHT in clinical practice. A review of the identification of 
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AHT was therefore conducted, from the perspective of the challenges involved, to help further 
elucidate whether a CPR in this field will be of value and be likely to assist clinicians in 
identifying this devastating condition. 
2.2.1 Aim of this chapter 
The aim of this chapter is to review the literature on the challenges confronting 
clinicians in the identification of AHT.  
2.3 Methods 
This is a literature review and was not intended to meet the Cochrane Collaboration 
definition of a systematic review.328 Nevertheless, a systematic search of key databases, texts, 
and supplementary sources was conducted to identify relevant literature. 
2.3.1 Literature search strategy 
An existing comprehensive search strategy was used to retrieve literature regarding 
the identification of AHT. This search strategy was developed by the Cardiff Child Protection 
Systematic Reviews (Core Info) team with the assistance of an information specialist, to 
identify literature on the clinical and neuroradiological features indicative of AHT, and was 
used to locate studies included in three systematic reviews conducted by the team.24, 136, 329 
The full list of search terms used and databases searched are detailed online,330 and in 
Appendix 1. As a former member of the Core Info team, the researcher had access to the full 
database of articles retrieved from these reviews. Weekly email auto-alerts were then set up 
using this search strategy in order to keep up-to-date with the literature; these were restricted 
to the following databases: MEDLINE, EMBASE, PsycINFO, Scopus, and Web of Science. 
Supplementary sources included electronic alerts from the New England Journal of 
Medicine Journal Watch for “Hospital Medicine”, “Emergency Medicine”, “Pediatric and 
Adolescent Medicine” and “Neurology”, electronic table of contents alerts from Pediatrics, 
Pediatric Radiology, and The Lancet, and electronic newsletters from the Child and Maternal 
Health Knowledge Update by Public Health England, the Royal College of Paediatrics & Child 
Health, and the North South Child Protection Hub. Literature was sourced from the Wild Iris 
Continuing Education Pediatric Abusive Head Trauma accredited online course 
(https://wildirismedicaleducation.com/courses/pediatric-abusive-head-trauma-training-ceu), 
and the proceedings for the 15th and 16th International Conference on Shaken Baby 
Syndrome/Abusive Head Trauma and the 6th Penn State Health International Conference on 
Pediatric Abusive Head trauma, which the researcher attended. Other resources searched 
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included the Quarterly Update, a journal that reviews peer-reviewed articles in the medical 
literature on the diagnosis, prevention and treatment of child abuse and neglect, UpToDate, an 
evidence-based resource for clinicians, Safety Lit, a bibliographic database of published 
research relevant to injury prevention and safety promotion, the RCPCH Child Protection 
Companion child abuse handbook, and the BMJ best practice guide to AHT in infants. 
Systematic reviews and review articles were used as an efficient way to gain a summary of 
evidence. Finally, literature was sourced from the reference lists of identified articles, and from 
key textbooks in the field, including: Child Abuse and Neglect: Diagnosis, Treatment, and 
Evidence331 and Shaking and Other Non-accidental Head Injuries in Children.332  
2.4 Challenges in identifying abusive head trauma 
Identifying suspected abuse and reporting reasonable suspicions to social services has 
been described as one of the most challenging, difficult and unsettling responsibilities for 
paediatricians.333 As described in Chapter 1, children with AHT typically present with ICI and 
few or no signs of external injury, with no explanation of significant trauma, or an explanation 
that is inconsistent with the severity of the injury or the developmental stage of the child.9, 12, 
30, 59 In common with many areas of medicine, there is no gold-standard diagnostic test for 
AHT. A clinical diagnosis of AHT is made following a thorough clinical and forensic assessment 
that excludes other potential causes of the clinical presentation including accidental trauma 
and medical conditions, and confirms abuse from the constellation of findings.333 The 
evaluation and investigation of suspected AHT requires a multidisciplinary team approach 
whereby paediatricians collaborate with clinicians from other specialities (e.g. neurosurgeons, 
radiologists, ophthalmologists, pathologists), CPSWs, and police officers.334 The 
multidisciplinary team must piece together all available information to jointly determine the 
likelihood of AHT. The investigative process may include deliberation in the family or criminal 
courts, and the identification of children requiring future protection and the legal 
determination of the child’s injuries as a criminal offence, are understood to be the 
responsibility of the justice system.51, 334 The current review uncovered a number of reasons 
why the identification of AHT can be challenging for clinicians. These are described below.  
2.4.1 Inaccurate history 
Many of the challenges associated with understanding how a child was injured are 
related to the history of the injury.54, 289, 327, 333 Firstly, there are rarely any independent 
witnesses to AHT, and abused children may be very young and nonverbal or severely injured, 
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and therefore unable to explain what happened, or they may be unwilling to disclose abuse 
out of fear.289, 327, 333 Secondly, perpetrators of AHT often lie about what happened because of 
the severity of the potential consequences, and therefore the history is frequently inaccurate 
or incomplete.9, 31, 54, 138, 140, 231, 289, 327, 333 Many children who have sustained AHT present to 
medical facilities without a history of preceding trauma, or with a history that is incompatible 
with their physical examination findings or developmental capabilities.9, 30, 333 This compounds 
the difficulties in identifying AHT because clinicians are taught to rely on an accurate history to 
guide their diagnostic decision-making, and inaccurate or incomplete histories may misdirect 
the evaluation process and impede a clinician’s ability to come to the correct diagnosis.54, 289, 
327, 333 A recent study investigated the accuracy of parental reports of infant trauma history, 
classifying infants into low-risk, middle-to-high-risk and unknown-risk based on the mechanism 
of injury put forward by the parents.335 The study found that infants in the unknown-risk 
group, where no mechanism of injury was given, had the highest injury severity, worst 
neurological outcomes and a higher frequency of injuries suggestive of AHT, while the same 
pattern of findings was observed for infants in the low-risk group compared to those in the 
middle-to-high risk group. The authors concluded that the history of injury provided in cases of 
AHT is likely inaccurate and that clinicians should investigate all cases with inconsistencies 
between the history offered and the severity of injury observed.335 
The absence of a history of trauma in children with ICI has been found to be associated 
with AHT in many studies.8-10, 16, 27, 30, 62, 70, 135, 231, 336 In contrast, among children with nAHT, 
care-givers have consistently reported a history of a traumatic incident.8, 30, 231 In several 
retrospective case series, a history of trauma was absent in 64%–97% of children with AHT.8, 9, 
16, 30 In one study, the absence of a history of trauma had a specificity of 97% and a positive 
predictive value of 92% for AHT.9 In those children with persistent neurological impairment, 
having a history of a low impact fall (defined as a fall from less than three feet) had perfect 
specificity and PPV for AHT. Histories of home resuscitative efforts, and histories that changed 
over time were strongly associated with AHT.9  
2.4.2 Variability in the clinical manifestations of abusive head trauma  
Difficulties in the diagnosis of AHT can be partly attributed to the fact that infants and 
children with AHT present with a variety of signs, symptoms and physical findings, that range 
from subtle and nonspecific to severe and life-threatening.30, 31, 147, 181, 285, 337 The clinical 
presentation depends on the type and severity of AHT sustained and therefore the severity of 
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the subsequent brain injury. When considered in isolation, each of the clinical manifestations 
of traumatic brain injury is nonspecific for AHT, as each can result from either AHT, accidental 
injury or medical causes.54, 338 Given the extraordinary variability in presentation, a high index 
of suspicion for AHT is warranted. 
2.4.2.1 Clinical presentation 
Children who have sustained AHT frequently present with nonspecific signs and 
symptoms, such as irritability, abnormal mental status, poor feeding, vomiting, and lethargy, 
which can hinder diagnosis.31, 138, 147, 214 Such nonspecific signs and symptoms may be 
mistakenly attributed to common childhood conditions such as otitis media, gastroenteritis, 
influenza, or upper respiratory tract infections.31, 339 In the aforementioned seminal study 
describing missed cases of AHT conducted by Jenny et al.,31 the most common misdiagnoses 
made for children with missed AHT were viral gastroenteritis or influenza, accidental head 
injury and “rule out sepsis”. Children with AHT can also have a completely normal neurologic 
examination,181, 285 and many have no external signs of injury.12, 30, 214, 340 In two studies,12, 30 
35% and 40% of children with AHT had no external evidence of trauma on presentation, 
respectively. However, many children with AHT present with apnoea or other breathing 
difficulties, coma, and seizures and the majority initially have an abnormal neurologic 
examination.9, 12, 30 Minns and Busuttil341 distinguish between four different patterns of 
clinical presentation of AHT. The first is hyperacute encephalopathy, where the majority of 
patients are dead on arrival or die shortly afterwards; this type of presentation is associated 
with axonal damage at the craniocervical junction, acute respiratory failure, cerebral oedema 
and hypoxic injury. The second is acute encephalopathy, which is the most common 
presentation and is characterised by altered mental status, apnoea, bilateral SDH, widespread 
RH and associated skeletal or other injuries. The third pattern is termed subacute non-
encephalopathic presentation, where the brain injury is less intense and the outcome typically 
better. The final type of presentation is chronic extracerebral presentation, where infants 
present late with an isolated SDH, expanding head circumference, raised ICP, irritability and 
vomiting, but little encephalopathy. This type of presentation is the most difficult to relate to 
AHT, and AHT may not be considered in this group of patients.341 
Children who have suffered AHT may present with a history of an apparent life-
threatening event (ALTE).337, 342-346 These children pose a unique diagnostic dilemma for 
clinicians, because an ALTE is characterized by nonspecific symptoms such as apnoea, colour 
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change, alterations in muscle tone and choking or gagging.347 Children may appear well and 
present without any associated discernible injuries. An ALTE can have a number of aetiologies 
including gastro-oesophageal reflux, seizure, and respiratory infections, as well as AHT.348 In 
one study almost half of the children with AHT presenting with an ALTE were initially missed in 
the emergency department.344 All of the children with missed AHT had nonspecific symptoms 
and unremarkable physical examination findings, compared to the children in whom AHT was 
recognized, who had associated pertinent physical findings including bruising and RH.344 In a 
recent retrospective observational study, children presenting with ALTE-associated SDH were 
more likely to exhibit extracranial injuries suspicious for abuse including retinoschisis, high-
specificity bruising and internal abdominal injury, than children presenting with non-ALTE 
SDH.349 This supports the interpretation that an ALTE, in and of itself, does not cause the 
clinical findings seen in AHT, as has been theorized in the literature,271, 350 although a major 
limitation is that definitive outcome data regarding abuse and non-abuse were not collected in 
this study.349 In summary, it is clear that in the absence of obvious injuries or neurologic signs 
on presentation, clinicians may not consider the possibility of AHT. 
2.4.2.2 Clinical and radiological features associated with abusive head trauma 
AHT has a broad clinical spectrum. As outlined in Chapter 1, the characteristic 
features of AHT include SDH, RH and encephalopathy, and AHT can also result in a range of 
additional associated physical findings such as bruising, fractures, spinal injury and visceral 
injury. Some or all of these injuries may be found in any given child with AHT. Knowledge 
about the expected range and patterns of injury produced following AHT and nAHT, and 
knowledge regarding the specificity of individual clinical and radiological features for AHT is 
essential for differentiating between AHT and nAHT. The clinical and radiological features 
associated with AHT are discussed below and summarised in Table 2.1.  
2.4.2.2.1 Intracranial injury 
Intracranial haemorrhage (ICH) is a distinctive feature of AHT and may include SDH, 
IPH, SAH, EDH, or a combination of these.136 The most common neuroradiological finding in 
children with AHT is SDH. In one systematic review of 21 studies examining the 
neuroradiological features associated with AHT and nAHT, SDH was present in 68% of children 
with AHT compared to 23% of those with nAHT.136 In this review, SDH was strongly associated 
with AHT and had an odds ratio for AHT of 8.2 (95% CI 6.1–11; p<0.0001).136 This association 
remained highly statistically significant following an update of the review in 2014,330 in which 
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four additional studies were identified and included.143, 351-353 Data regarding SDH were 
available in three of these studies,143, 351, 352 and inclusion of these data into the meta-analysis 
resulted in a similar odds ratio of 8.7, as depicted in the forest plot in Figure 2.1. Updated 
forest plots of the additional neuroradiological features examined in Kemp et al.136 are 
displayed in Appendix 2.  
Figure 2.1 Forest plot depicting the association between subdural haemorrhage and abusive 
head trauma in children 
M-H = Mantel-Haenszel statistic, AHT = abusive head trauma, nAHT = non-abusive head 
trauma. Adapted from Kemp et al.,136 with the addition of three new studies identified in an 
update of the systematic review conducted in 2014.330 Data were pooled using a random 
effects model to allow for both within-study and between-study variance. Subdural 
haemorrhage is the most common neuroradiological finding in abusive head trauma and was 
significantly associated with abusive head trauma in all 13 studies. 
 
 In the Kemp et al.136 review, particular characteristics of SDHs demonstrated a greater 
association with AHT than others. Specifically, multiple SDHs, bilateral SDHs, interhemispheric 
and infra-tentorial/posterior fossa SDHs, and SDHs over the convexities were significantly 
associated with AHT136 (see Appendix 2). In addition, a descriptive analysis revealed an 
association between multiple SDHs of different density and low density SDHs, and AHT,136 
findings which have previously been construed as evidence for prior or repeated episodes of 
AHT.134, 354 However, these findings should be interpreted with caution, as there are many 
other factors that may affect the appearance of SDH on neuroimaging,355 and low density SDH 
may arise sooner than originally thought.227 This issue is discussed further in section 2.4.4.1. 
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SAH was not significantly associated with AHT or nAHT, while EDH (bleeding into the space 
between the dura and the inner surface of the skull) was significantly associated with nAHT136 
(see Appendix 2). EDH is a contact injury, requiring impact to the head, and in young children 
results most commonly from falls.356 EDH is associated with skull fracture in approximately 
85% of cases,357 and in rare cases can cause death due to increased intracranial pressure.358 Of 
note, RHs have been found in infants with EDH resulting from accidental trauma.359 As 
described in Chapter 1, parenchymal injuries can occur as the result of impact forces, 
rotational acceleration-deceleration forces, and/or hypoxic-ischemia. In the original meta-
analysis, focal parenchymal injury was not significantly associated with AHT or nAHT.136 In a 
refined analysis, including only those with IPH specifically, there was again no significant 
association between IPH and AHT or nAHT (Appendix 2). In contrast, a recent study identified 
parenchymal brain lacerations in 18 patients with AHT and no patients with accidental 
trauma.360 Cerebral oedema, hypoxic-ischemia, DAI/shear injury, and closed head injury (ICI 
without skull fracture) were all significantly associated with AHT136 (see Appendix 2).  
 A separate systematic review utilising a different search strategy and inclusion criteria 
yielded similar results.27 In this review SDH, cerebral ischaemia, cerebral oedema, and ICI co-
occurring with skull fracture were significantly associated with AHT, however cerebral oedema 
was no longer associated with AHT (or nAHT) when including only high quality studies.27 EDH 
was significantly associated with nAHT, while SAH and DAI were not significantly associated 
with either AHT or nAHT.27 
2.4.2.2.2 Retinal haemorrhages 
RHs are commonly but not universally noted in victims of AHT. They are seen in 
around 75% of AHT cases.23, 361 They are most likely to occur in children who have died and 
least likely to occur in children who are neurologically unimpaired,181, 285, 362 and the severity 
of RH correlates with the severity of brain injury,363, 364 as well as the likelihood of abuse.365 
RHs, although not pathognomonic for AHT, are strongly associated with AHT, and occur much 
less commonly among children with nAHT.23, 24, 27, 143, 365 In one systematic review of the 
literature, RHs were found in 78% of children with AHT compared to 5% of children with nAHT, 
and in a child with head trauma and RH, the probability of abuse was estimated to be 91%.23 It 
is crucial to note that not all RHs are the same, and the specificity of RH for AHT depends on 
the number, type, and distribution pattern of the RH.366 Bilateral, multi-layered, too-
numerous-to-count RHs that extend into the periphery are highly specific for AHT.23, 361, 365, 367 
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In one large prospective study, severe RHs were 100% specific for AHT.195 However there is no 
one pattern of RH that is unique to AHT.23 
2.4.2.2.3 Additional retinal findings 
Additional retinal findings that have been identified in children with AHT include 
perimacular retinal folds, traumatic retinoschisis, optic nerve sheath haemorrhage, vitreous 
haemorrhage, papilledema and anterior segment injuries.23, 361, 368, 369 Retinal folds and 
traumatic retinoschisis are found more commonly in fatal AHT cases than non-fatal AHT 
cases.361, 370 In two systematic reviews of the literature, there were no comparative studies 
found that reported retinal folds or traumatic retinoschisis in nAHT, highlighting the specificity 
of these features for AHT.23, 361 Optic nerve sheath haemorrhages are also frequently found in 
fatal AHT cases and were significantly more common in AHT than nAHT in one post-mortem 
study.371 Their specificity for AHT has been estimated as 71%.361 Vitreous haemorrhage, 
papilledema and anterior segment injuries are relatively uncommon in children with AHT but 
are associated with poor prognosis.364, 366, 368, 372, 373  
2.4.2.2.4 Rib and long-bone fractures 
Rib fractures and long-bone fractures have consistently been found to be 
associated with AHT in infants.27, 59 Rib fractures in particular are highly specific for abuse in 
the absence of obvious accidental trauma or an organic cause.374, 375 In children with AHT, rib 
fractures result from squeezing forces on the immature skeleton, generated by a tight grip 
around the infants chest; this mechanism means that posterior rib fractures in particular are 
highly specific for abuse.376 Younger children, particularly those less than 12 months of age, 
are at greater risk for abusive rib fractures.377 Rib fractures in children are a recognized marker 
of severe trauma and are associated with a high risk of death, but acute rib fractures may be 
difficult to detect clinically and radiographically.376, 378 In one study, 80% of acute rib fractures 
found at post-mortem were undetectable on chest radiographs.379 Healing rib fractures were 
strongly associated with abuse in one study, and were only seen in abused children.380 Rib 
fractures resulting from cardiopulmonary resuscitation in children are rare, but when 
reported, they are anterior and may be multiple; there are no reports in the literature of a 
child with a posterior rib fracture due to cardiopulmonary resuscitation.381, 382 Classic 
metaphyseal lesions of the long-bones were one of the earliest injuries to be associated with 
AHT and result from compression and jerking of the extremities during a shaking incident.42, 43 
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Metaphyseal fractures have a high specificity for abuse,383 particularly in infants less than 12 
months of age,384 and in infants who are not yet walking.385 They are the most common long-
bone fracture identified in infants who die with evidence of abusive injury.386 Long-bone 
fractures caused by accidental mechanisms occur more commonly with increasing age.387-390 
In one systematic review, neither rib or long-bone fractures significantly discriminated 
between AHT and nAHT,24 but both helped to discriminate between AHT and nAHT when 
entered into a subsequent multivariable analysis with other clinical features.59 In another 
systematic review, rib fractures, long-bone fractures and metaphyseal fractures were all 
significantly associated with AHT.27  
2.4.2.2.5 Skull fractures 
Skull fractures are seen frequently in children with AHT, but are also common in 
those with accidental head trauma.391-393 In one systematic review, skull fractures were more 
commonly reported after nAHT than after AHT and the probability of abuse in a child with a 
skull fracture was estimated to be 30%.374 Similarly in another review, skull fractures were 
more strongly associated with nAHT than AHT; the probability of AHT given a skull fracture in 
this review was calculated as 44%.24 However, when included in a subsequent multivariable 
analysis, given all other information, the presence or absence of skull fractures did not help to 
discriminate between AHT and nAHT.59 Linear, parietal skull fractures are the most common 
type of skull fracture in both abused and non-abused children.10, 391, 394, 395 Complicated skull 
fractures, such as those that are complex, multiple, bilateral, depressed, diastatic, or crossing 
suture lines, have been reported to be associated with AHT, however the specificity of 
complicated skull fractures for AHT varies.10, 391, 394, 396 In one study, multiple, diastatic, 
growing, depressed, complex, or bilateral skull fractures, or those that crossed suture lines, 
were much more frequent in children with AHT than children with nAHT.396 In another study 
abused children had more multiple or bilateral fractures or fractures that crossed suture lines, 
than non-abused children.394 However neither Leventhal et al.391 or Reece and Sege10 found 
any significant difference in the prevalence of complicated skull fractures between abused and 
non-abused children. In a recent systematic review of clinical and radiographic features 
associated with AHT and nAHT, skull fracture co-occurring with ICI was significantly associated 
with AHT, while isolated skull fractures were significantly associated with nAHT.27 Children 
who present with isolated skull fractures, a clear history of trauma, no extracranial injuries and 
no social concerns have most likely sustained accidental trauma.397 
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2.4.2.2.6 Bruising 
Head and neck bruising was found to be non-discriminatory for AHT in one 
systematic review,24 and significantly associated with nAHT in another,27 however this 
association disappeared when the analysis was limited to high quality studies.27 In a 
multivariable analysis, head and neck bruising assisted in discriminating between AHT and 
nAHT.59 In one retrospective study, 54% of children with AHT had no bruising recorded at 
initial presentation.12 Similarly, Ingham et al.398 found that only 16% of infants with fatal AHT 
had bruising. Bruising associated with rib or extremity fractures is uncommon and the 
presence of bruising therefore cannot be used to differentiate between abusive and non-
abusive fractures.399-401  
2.4.2.2.7 Spinal injury 
There is increasing recognition in the literature of the risk of spinal injuries in 
children with AHT.402 Spinal injuries seen in AHT include extra-axial haemorrhage, ligamentous 
and soft-tissue abnormalities, and spinal fractures.25 Spinal injury has been documented in 
both clinical and autopsy case series.26, 97, 106 Many injuries are found in the cervical region,402 
however thoracic and lumbar injuries are also reported.106, 109, 403, 404 Spinal injuries have been 
infrequently recorded in association with AHT in the scientific literature, and it is likely that 
they are underreported as they may not be recognized by clinicians at initial presentation.103, 
106, 403 In one study 8/18 children with AHT (44%) had spinal SDHs noted on magnetic 
resonance imaging (MRI) however all of these were clinically occult and were likely masked by 
the altered mental status of the children.109 In a retrospective study of children aged less than 
two years of age, cervical spine ligamentous injury was discovered in 78% of children with AHT 
compared to 46% of children with accidental trauma and just 1% of children with non-
traumatic conditions.26 The percentage of cervical spinal soft tissue injuries found in children 
less than three years of age undergoing evaluation for suspected AHT was 36% in one study.94 
However, prevalence estimates of cervical spine injury in children with AHT vary due to the 
differences in patient populations included in different studies.402 Cervical spine injury may be 
more common in fatal AHT.15, 97 Spinal fractures in AHT are relatively uncommon, with an 
estimated prevalence of 0.3%-2.7%.25  
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2.4.2.2.8 Other associated injuries  
Children with AHT have been found to have other associated injuries including 
visceral injuries,28, 405 burns,406 and oral injuries.9 
2.4.2.2.9 Combinations of clinical features 
Although systematic reviews and meta-analyses of individual clinical features are 
helpful for discriminating between AHT and nAHT, it is clear that no single physical finding is 
specific for AHT, and in practice children with head trauma typically present with different 
combinations of multiple clinical features.407 With the increasing wealth of published literature 
on the clinical features associated with AHT and nAHT, clearly a critical challenge for clinicians 
is the ability to synthesize and apply this data to a decision about the likelihood of AHT in a 
child with a given set of features.289 There is increasing evidence that combinations of clinical 
features can identify children with ICI and a high likelihood of AHT, who thus require a 
thorough evaluation for abuse.59 As summarised in Chapter 1, in a multivariable analysis of 
individual patient data, the following six features were significantly associated with AHT: rib 
fracture, RH, long-bone fracture, seizure, apnoea and head/neck bruising.59 The Maguire et 
al.59 study describes the derivation of the PredAHT CPR that is the focus of this thesis, and will 
therefore be discussed in further detail in Chapter 4.  
Table 2.1 Clinical and radiological features associated with AHT 
 AHT Non-discriminatory nAHT 
Neuroradiology 
Extra-axial 
haemorrhage 
 
 
 
 
Intracerebral 
features 
 
 
 
 
 
 
Other 
neuroradiological 
features 
SDH27, 136 
Multiple136 
Bilateral330 
Interhemispheric136 
Convexity136 
Posterior fossa136 
SAH27, 136 
 
EDH27, 136 
Hypoxic ischaemic injury27, 
136 
Cerebral oedema27, 136 
DAI/shear injury330 
Focal parenchymal 
injury136 
IPH330 
DAI27 
Cerebral oedema 
(high quality 
studies only)27 
 
Closed head injury (ICI 
without skull fracture)136 
ICI co-occurring with skull 
fracture27 
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History and clinical 
features9 
No history of trauma  
Low impact fall with 
persistent neurological 
impairment 
Out-of-hospital 
cardiopulmonary 
resuscitation 
Initial history changes 
Other trauma explanations  
Low impact trauma 
without 
neurological 
impairment 
High impact 
trauma  
Clinical features Rib fractures27, 59 
Long-bone fractures27, 59  
Metaphyseal fractures27 
Retinal haemorrhage23, 24, 27, 
59 
Apnoea24, 27, 59 
Seizures27, 59 
Head and neck bruising59 
Skull fractures24, 59 
Long-bone 
fractures 
(univariable 
analysis)24 
Head and neck 
bruising 
(univariable 
analysis)24 
Head and neck 
bruising (high 
quality studies 
only)27 
Seizures 
(univariable 
analysis)24 
Rib fractures 
(univariable 
analysis)24 
Isolated skull 
fractures27 
Head and neck 
bruising27 
Retinal 
haemorrhage23, 361 
Bilateral 
Multi-layered 
Extend to periphery 
Numerous 
 
Other retinal 
features 
Rare but when 
occur: 
Unilateral 
Posterior pole 
Scattered 
Few in number 
SDH = subdural haemorrhage, SAH = subarachnoid haemorrhage, EDH = epidural 
haemorrhage, IPH = intraparenchymal haemorrhage, DAI = diffuse axonal injury, ICI = 
intracranial injury. Adapted from Kemp, 2011407 
2.4.3 Differential diagnosis 
Review articles have documented a long list of medical conditions that are proposed to 
“mimic” AHT, and both ICH and RH have an extensive differential diagnosis,274, 368, 408-414 
further complicating the identification of AHT. However, many of the conditions cited in the 
literature are not true mimics of AHT but are conditions in which ICH or RH can occur as part of 
their clinical spectrum.408 Most of these can be differentiated from AHT by careful 
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consideration of the history, physical examination findings and radiological and laboratory 
studies.415 Conditions associated with ICH include, but are not limited to, birth and other 
accidental trauma, congenital malformations, genetic and metabolic conditions, coagulation 
and haematological disorders, oncologic disease, infections, neurosurgical complications, 
poisoning, nutritional deficiencies and benign enlargement of the subarachnoid space 
(BESS)407, 416 (Table 2.2). Most genetic and metabolic diseases are less common than AHT, and 
the discovery of a rare disease does not necessarily rule out child abuse.415 A detailed 
discussion of each of these conditions is beyond the scope of this thesis, however the 
conditions with clinical findings that are more likely to be mistaken for those seen in AHT will 
be briefly reviewed. These include birth trauma, some coagulation and metabolic disorders, 
and accidental trauma.
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Table 2.2 Differential diagnosis of intracranial haemorrhage in children 
Condition Characteristics Comment 
Accidental trauma  SDHs are more likely to result from high impact falls 
or motor vehicle crashes. Low impact falls (< 3 feet) 
rarely cause SDH  
RH is rarely associated with accidental trauma23 
Neurosurgical complications SDH is commonly reported as a postoperative 
complication of neurosurgery  
Neurosurgery will be apparent from the medical 
record 
Birth trauma Asymptomatic neonatal SDHs have been reported in 
any type of delivery. They are characteristically small 
and most resolve by 1 month, all by 3 months417-419. 
SDHs in asymptomatic neonates are of a different 
pattern to those reported in AHT419, 420 
Birth-related RH are more common after 
instrumental deliveries. They are commonly bilateral, 
and predominantly intraretinal and posterior. They 
resolve rapidly, and rarely persist beyond 6 weeks421 
Congenital malformations Spontaneous bleeding from vascular malformations – 
for example aneurysms. Less serious trauma can 
result in SDH when arachnoid cyst is present422, 423 
Congenital malformations are relatively rare in the 
paediatric population424 
Cerebral infections Meningitis: post-infective subdural effusions are 
reported425 
Meningococcal septicaemia can be associated with 
RH426 
Coagulation and haematological disorders Leukaemia427 
Sickle cell anaemia428 
Disseminated intravascular coagulation 
Haemophilia 
Von Willebrand disease 
Haemorrhagic disease of the newborn (Vitamin K 
deficiency)429 
Idiopathic thrombocytopaenia purpura430 
These disorders will also predispose to RH431 and 
bruising 
In a recent study of congenital bleeding disorders, 
nontraumatic ICH occurred most commonly in severe 
haemophilia. In this study Von Willebrand disease 
was not supported as a “mimic” of AHT432 
Metabolic disorders Glutaric aciduria type 1 is associated with fronto-
temporal atrophy that can predispose to SDH 
Galactosaemia 
Menkes kinky hair syndrome 
Case reports describe associated RH in glutaric 
aciduria433, 434 
A systematic review of SDHs in children with glutaric 
aciduria found that the SDHs are accompanied by 
other brain abnormalities specific for the disorder435 
Vitreous haemorrhage has been reported in 
galactosaemia Levy 1996 
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Menkes syndrome has associated femoral spurs that 
can be confused with fractures436 
Genetic disorders Osteogenesis imperfecta (OI) 
Ehlers–Danlos syndrome (EDS) 
 
Fractures and RH have been reported in OI437 
Although ICH have rarely been described in EDS438, 
SDH and RH were found in a 3 month old child who 
was placed in foster care but subsequently found to 
have EDS VI. The child was returned home following 
family court proceedings439 
Children with EDS are predisposed to bruising but 
there is no evidence that they are predisposed to 
fractures440-442  
Recently a mixed EDS and OI phenotype has been 
identified in which children have an increased 
susceptibility to fractures443, 444  
Hypernatraemia SDH is described in association with salt poisoning, 
hypernatraemic dehydration  
Hypernatraemia may also be a complication of the 
intracranial trauma445 
BESS Benign extra-axial fluid collections of infancy must be 
differentiated from low attenuation SDH. If this 
coexists with SDH the cause must be investigated. 
There is debate in the literature as to whether 
benign extra-axial fluid of infancy predisposes an 
infant to SDH446, 447 
Literature suggests that the rate of haemorrhagic 
SDH is low (1.7%) in children with BESS448-453. AHT or 
accidental trauma was reported in 41.6% of cases. A 
recent study reported that concomitant injuries were 
found in 50% of children with BESS and SDH454 
 
SDH = subdural haemorrhage, RH = retinal haemorrhage, ICH = intracranial haemorrhage, OI = osteogenesis imperfecta, EDS = Ehlers-Danlos syndrome, 
BESS = benign enlargement of the subarachnoid space. Adapted from Kemp, 2011407
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2.4.3.1 Birth trauma 
Asymptomatic ICH has been described in healthy new-borns after birth, and in any 
type of delivery.417-420 In one prospective study in which MRI was performed on 111 infants 
within 48 hours of birth, SDH was found in nine infants (8.1%), after 3/49 (6.1%) vaginal 
deliveries and 6/37 (16.2%) forceps or vacuum assisted deliveries.419 There were no SDHs 
recorded in infants following caesarean delivery.419 In another study, the incidence of 
asymptomatic ICH following vaginal delivery was 26%, and 0% following delivery by caesarean 
section.420 Similarly, Rooks et al.418 found SDH in 46/101 (46%) infants, including 32/63 (51%) 
infants born by spontaneous vaginal delivery, 10/16 (63%) infants born by assisted delivery 
and 4/11 (18%) infants born by caesarean section. Assisted deliveries may increase the risk of 
injury compared to normal deliveries.419 Birth-related SDHs are characteristically small, most 
of them resolve by one month of age, and all of them resolve by three months of age.418, 419 
They are typically of a different pattern to SDHs reported in AHT.419, 420  
2.4.3.2 Accidental trauma  
Household accidents or short falls are a common history given for both children with 
AHT and children with nAHT, and therefore these histories can present a diagnostic dilemma 
for clinicians attempting to distinguish between AHT and nAHT.356 However, while short falls in 
children can occasionally cause skull fractures and associated underlying focal ICI, they rarely 
cause severe or fatal brain injury.455-464 One study showed a lower rate of skull fractures or ICI 
after a fall from standing or from low height furniture than after a fall from a carer’s arms, 
windows, or other building components.456 The risk of death resulting from short falls < 1.5 
metres in infants and young children has been estimated as 0.48 per 1 million per year.465 
Accidents involving severe forces e.g. falls from a significant height or motor-vehicle accidents 
can cause SDHs,17, 231, 466, 467 however AHT is the commonest cause of SDH in infants and 
children < 3 years of age,17, 22, 147, 231, 466 occurring three times more frequently in children 
with AHT than in children with nAHT.136  
2.4.3.3 Coagulation and metabolic disorders 
Spontaneous or traumatic ICH can occur in children with severe bleeding disorders 
such as haemophilia,432, 468 representing a challenge in the evaluation for possible abuse.469 
The frequency of ICH associated with congenital and acquired disorders of coagulation varies 
by condition and severity of disease.432, 468 In one recent study the highest prevalence of ICH 
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was in severe haemophilia A (9.1%) and B (10.7%); in this study only one child with type 1 von 
Willebrand disease had SDH, the findings of which were not congruent with AHT.432 The AAP 
has published a clinical report outlining the probability that a child would have a specific 
coagulopathy causing ICH by condition, to assist in minimizing the possibility of 
misdiagnosis.468 It is important to distinguish between coagulopathy due to a primary bleeding 
disorder and that due to secondary parenchymal brain injury.470 Glutaric aciduria type 1 (GA1) 
is a metabolic disorder that shares some clinical features with AHT and can predispose infants 
to SDH.434 Children with GA1 have been misdiagnosed with child abuse,434 however a recent 
systematic review has highlighted additional characteristic abnormalities associated with the 
disease, thus it should be easily distinguishable from AHT on neuroimaging.435  
2.4.3.4 Differential diagnoses for retinal haemorrhages and related findings 
RHs have been documented in asymptomatic new-borns.421 These are more frequent 
after instrumental deliveries. They are commonly bilateral, and predominantly intraretinal and 
posterior. They resolve rapidly, and rarely persist beyond six weeks of age.421 RHs have been 
reported in association with severe accidental trauma such as fatal motor vehicle crashes471 or 
crush injuries,472 however they are rare, and typically occur in a different pattern from RHs 
associated with AHT; RHs from accidental trauma are predominantly unilateral, few in number 
and confined to the posterior pole.23 However, in one systematic review,23 one fifth of children 
who had sustained an accidental crush injury had extensive, multi-layered RH more commonly 
seen in AHT, with associated traumatic retinoschisis and perimacular retinal folds.473-475 
Another systematic review of the differential diagnosis of retinal haemorrhages in children 
with clinical features associated with abuse identified nine conditions that have considerable 
clinical/retinal overlap with child abuse, and therefore pose the greatest diagnostic dilemma, 
including metabolic diseases, bony dysplasias, bleeding disorders and vascular 
malformations.409 This review found that reports of RH in children with organic diseases are 
rare, but nevertheless these conditions should be actively considered when investigating a 
child with RH.409 Where described, RHs were bilateral and present only in the posterior pole. 
There was no evidence that cardiopulmonary resuscitation, cough, or ALTE, causes RH.409 
Recent studies examining patterns of RH associated with non-traumatic increased ICP have 
determined that raised ICP alone is unlikely to cause numerous, multi-layered RH.476, 477  
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2.4.4 Forensic considerations 
The difficulties associated with the identification of AHT originate in large part from 
the necessity to interpret the child’s clinical, investigation and historical findings within a 
forensic context.338 Unlike in other areas of medicine, the evaluation of suspected AHT 
requires clinicians to operate outside of their normal environment and engage with children’s 
social services and law enforcement.478 In addition to defining and communicating the 
likelihood of AHT, clinicians must contribute to decisions regarding the future welfare and risk 
of harm to the child and any siblings.407 They may be asked to present evidence in the family 
or criminal court as an expert medical witness. Many clinicians are not comfortable with this 
responsibility.479, 480 The diagnosis of AHT is typically an evolutionary process; a clinician’s level 
of certainty regarding whether or not AHT has occurred may fluctuate as the investigation 
unfolds and further information is acquired289. Uncertainty plays an important role in the 
forensic evaluation of possible child abuse and has been categorised into four main types: 
technical uncertainty, personal uncertainty, conceptual uncertainty and uncertainty beyond 
the medical diagnosis189, 481 (Table 2.3). 
2.4.4.1 Technical uncertainty 
In addition to the clinical management and treatment of the child, if AHT is part of 
the differential, the clinician must first decide whether the findings are due to trauma or a 
medical cause, and, if they are due to trauma, whether they are due to accidental trauma, 
birth trauma, or AHT.189, 289 The clinician must carefully consider whether the care-giver’s 
account of the incident is a plausible explanation for the child’s findings, and specifically 
whether the history explains the mechanism, severity and timing of the injuries.189, 289, 338 In 
order to do this, detailed information regarding the dynamics of any proposed traumatic event 
is needed, including the height and forces of an alleged fall or impact, the type of surface the 
child is reported to have struck, and the child’s immediate response and symptoms following 
the injury.416 Clinicians may be inexperienced in conducting such “forensic style” interviews,416 
however they will most likely face forensic questions from law enforcement and children’s 
social services regarding the most likely perpetrator of the abuse, the timing of the injury, or 
the biomechanics of the purported injury mechanism, which carry profound medico-legal 
implications.137, 289 Establishing the onset of the child’s symptoms can aid in determining when 
they were injured. Studies demonstrate that children with AHT become symptomatic 
immediately after they are injured,137-139, 482, 483 and there is no evidence of a so-called 
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protracted, asymptomatic “lucid interval” prior to catastrophic neurologic collapse in children 
with fatal head trauma482 or children with serious confirmed AHT.483 Whilst neuroimaging may 
be helpful in providing general age ranges of ICH,355, 484 a recent systematic review concluded 
that the time intervals of the different appearances of SDHs are broad and overlapping, and 
thus imaging cannot be used to accurately date SDHs.485 In a study by the same research 
group, a survey of Dutch radiologists highlighted considerable practice variation regarding the 
age determination of SDHs, implying that precise dating of SDHs should be avoided.486 
Adamsbaum et al.484 propose that the finding of different density in two distant SDHs can be 
considered the only reliable indicator of age-different injuries and may suggest possible prior 
abuse or repeated violence. A recent study examined the evolution of RH and identified 
informative patterns to help clinicians establish the timing of injury.487 Although the sample 
size is small and further research is needed in this area, this study is the first of its kind and can 
assist clinicians in determining injury timing with greater precision than was previously 
possible.488 Aging of bruises is not possible, and while fracture dating is challenging and has 
been described as an “inexact science”, there are recognised stages of healing that can 
facilitate the dating of fractures in children with unknown injury timing.382, 489 
2.4.4.2 Personal uncertainty 
Clinicians may be uncertain about whether AHT has occurred due to their personal 
involvement with the family or particular characteristics of the family.189 A diagnosis of AHT 
places strain on the patient-doctor relationship, and clinicians may find it difficult to balance 
their responsibilities as family and child advocates.490, 491 Regarding the characteristics of the 
family, as described in Chapter 1, although evidence-based risk factors should be considered as 
part of a thorough evaluation for AHT, the presence of risk factors should not automatically 
lead to a conclusion of abuse, and vice versa.188, 189 Clinician personal bias is discussed in 
further detail below and in Chapter 3.  
2.4.4.3 Conceptual uncertainty 
Conceptual uncertainty may arise if clinicians have difficulty applying the vast 
amount of literature and evidence-based research to their individual patients.189 This type of 
uncertainty may result from either a lack of experience evaluating children with suspected 
abuse, a lack of familiarity with or understanding of the literature, or a lack of definitive, 
evidence-based data regarding a particular finding or theory to which to turn.189 In addition, 
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clinical colleagues or colleagues from social services and law enforcement may have differing 
opinions on the likelihood of abuse, and each may have their own uncertainties. Moles and 
Asnes189 point out that this “additive nature of uncertainty results in multiple opportunities for 
a correct diagnosis to be missed or clouded” (p. 1025). 
2.4.4.4 Uncertainty beyond the medical diagnosis of abusive head trauma 
An additional difficulty in identifying suspected AHT relates to the level of certainty in 
the diagnosis required for the future protection of the child and for a criminal prosecution of a 
possible perpetrator.189 The civil standard of proof in the UK family courts is proof on “a 
balance of probabilities”, meaning that AHT is more likely to have occurred than not, whereas 
the criminal standard of proof is proof “beyond a reasonable doubt”. Suspected AHT cases 
often rise to the level of certainty at which social services can intervene to protect a child from 
future harm, but may not rise to the level at which an alleged perpetrator faces trial or is 
criminally convicted of AHT.189  
Table 2.3 Types and sources of uncertainty in the evaluation of suspected physical abuse 
Type of uncertainty  Definition Sources of uncertainty 
Technical uncertainty Inadequate scientific 
knowledge exists to 
predict disease processes 
or outcomes 
Unclear diagnosis of abuse 
Possible accident 
Possible medical condition 
Uncertain timing of injury 
Personal uncertainty Personal involvement or 
connection to the patient 
may affect clinical 
decisions 
Care-giver characteristics that 
influence level of concern (e.g. 
parents sought care 
appropriately, intact family, 
educated parents) 
Conceptual uncertainty Difficulty applying 
abstract information to a 
concrete scenario 
Clinician’s inexperience with 
possible abuse 
Differing opinions of 
subspecialty clinicians on 
likelihood of abuse  
Uncertainty beyond the 
medical diagnosis  
Level of certainty in the 
diagnosis of AHT 
required by the 
multidisciplinary team 
Meaning and interpretation of 
civil and criminal standards of 
proof  
Adapted from Moles and Asnes, 2014189 
2.4.5 Clinician bias  
Studies have demonstrated that clinicians exhibit biases in their evaluations and 
reporting of child physical abuse and AHT related to the family’s SES, marital status, race and 
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ethnicity.31, 201, 202, 490, 492-499 In the study on missed AHT conducted by Jenny et al.,31 AHT was 
more likely to be missed in white children whose parents were married. In another study, 
publicly insured or uninsured infants with head trauma were more likely to have a skeletal 
survey than privately insured infants, and this effect was modified by race; the difference in 
the number of skeletal surveys performed in patients with public or no insurance versus 
private insurance was greater among white infants than among black or Hispanic infants.201 
Although there were fewer skeletal surveys among white infants than black or Hispanic 
infants, white infants were more likely to be diagnosed with AHT, indicating over-evaluation 
for AHT in black or publicly insured/uninsured infants, and under-evaluation in white or 
privately insured infants.201 Similarly, a recent study found that minority race/ethnicity 
children were more often evaluated and reported for suspected AHT than white/non-Hispanic 
children, and that such disparities occurred almost exclusively in lower-risk children.202 
Clinicians may find it difficult to believe that parents are capable of hurting their children, and 
as such they may not consider AHT as part of the differential diagnosis, or they may perform 
an abuse evaluation but remain conflicted about the cause of the injury even when the 
findings are highly suggestive of AHT, particularly if they have an established relationship with 
the family.189, 289 Clinician bias is discussed further in Chapter 3.  
2.4.6 Alternative theories of causation for findings associated with abusive head trauma  
As described in Chapter 1, a variety of scientifically unsupported theories of causation 
have been proffered in the courtroom to explain the findings associated with AHT.269 Such 
theories have been advanced in the literature,350 generating confusion among the medical 
community regarding the diagnosis of AHT and thus potentially impacting upon medical and 
legal decision-making.269 Articles contesting the validity of AHT consist of deliberately 
misleading case reports that exclude important facts,350 unproven hypotheses,258 descriptions 
of fabricated conditions such as “temporary brittle bone disease”, and commentaries or letters 
with no accompanying scientific evidence.271, 500 Nevertheless, high profile legal cases have 
highlighted areas of uncertainty surrounding the diagnosis of AHT, and while the evidence 
base for many of the alternative theories of causation for AHT is weak, in some cases there 
may be a lack of evidence-based data toward which to turn.189, 268, 501 A critical interpretation 
of the available evidence is necessitated in order to make informed decisions.268 Theories thus 
far alluded to in the current chapter and in Chapter 1 propose that shaking alone cannot cause 
ICI,13 and that the signs and symptoms of AHT are caused by hypoxia,258 raised ICP,502 an 
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ALTE,350 short falls,503 a rebleed of a chronic birth-related SDH,504 or BESS.446 Additional 
theories purport that SDH is caused by immunizations505 or primary venous sinus 
thrombosis.506 An in-depth discussion of the evidence-base for the many alternative theories 
of causation proposed is beyond the scope of this thesis, however the interested reader is 
referred to three excellent reviews,268, 501, 507, a comprehensive legal treatise508 and the recent 
consensus statement on AHT.51  
2.5 Evaluation of suspected abusive head trauma 
If the clinical and radiological features associated with AHT are to be identified or ruled 
out, and alternative diagnoses excluded, there are a series of investigations and assessments 
that must be performed in every child where AHT is suspected.407 These are summarised in 
Table 2.4. A thorough and well-documented history is an essential element of the evaluation of 
suspected AHT.333, 509, 510 Clinicians should obtain a detailed description of the events 
surrounding the child’s injuries or proposed traumatic incident, including information 
regarding the mechanics of the event, when the child was last asymptomatic and the child’s 
developmental capabilities, among other details.333, 509, 510 A comprehensive multidisciplinary 
evaluation should be carried out in collaboration with a CP paediatrician, social services and 
law enforcement, and a psychosocial history obtained, which may identify additional evidence 
to support or refute a diagnosis of AHT.333, 509-511 
The initial preferred imaging modality for the evaluation of children with symptomatic 
suspected AHT is unenhanced computed tomography (CT), as it is readily available and reliably 
identifies injuries requiring urgent intervention.329, 512-515 UK guidelines also recommend a CT 
scan for any child aged less than one year with suspected physical abuse, regardless of 
whether they are neurologically symptomatic.512 However, early indications of cerebral 
oedema or DAI may not be evident on CT.410, 516, 517 A recent study suggests that MRI may be 
effective as a screening protocol in well-appearing, asymptomatic children.518 All patients with 
abnormal CT findings should undergo follow-up MRI,329, 512, 519 as MRI is superior to CT in 
identifying the pattern, extent and timing of head injuries and may identify additional injuries 
missed on the initial CT.329, 410, 513, 516, 520 With the increasing recognition of the association 
between spinal injuries and AHT, spinal MRI is also recommended.512 All children less than two 
years of age with suspected AHT should have a skeletal survey to identify any skeletal injuries, 
and a repeat skeletal survey should be performed around two weeks later to detect possible 
additional healing fractures and assist with dating the injuries.512, 514 Skeletal survey’s in older 
children may be appropriate and should be considered on a case-by-case basis.512, 514 
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Guidelines for the eye examination in the evaluation of child abuse recommend that 
children with suspected AHT should undergo indirect ophthalmoscopy conducted by an 
ophthalmologist.521, 522 The UK guidelines include a standardised pro forma for documenting 
retinal findings.521 Additional investigations that should be performed in children with 
suspected AHT include a complete blood count, platelet count and coagulation screen to 
exclude underlying bleeding disorders.468 The evaluation of suspected AHT thus involves 
numerous elements and investigations and presents a unique challenge to clinicians, 
necessitating consideration of a wide range of differential diagnoses, acquisition of an 
extremely detailed injury history, testing for occult injury, and difficult questions relating to the 
psychosocial history.509 One Delphi study found that experts highly recommended 37 separate 
critical elements for the evaluation of children with ICH.509 In addition, clinicians must balance 
the risk of harm caused by missing an abusive injury with the harm caused by unnecessary 
testing, abuse evaluation and increased radiation exposure in those children ultimately 
deemed as non-abused,290, 291 although it is generally agreed that the harm caused by missed 
AHT is greater than the harm caused by a false accusation of abuse.523  
Table 2.4 Evaluation of children with suspected abusive head trauma 
History and psychosocial 
history333, 509-511 
Detail proposed traumatic explanations—for example 
▶ Height of fall 
▶ Nature of surface of impact 
▶ Timing of trauma 
▶ When child was last asymptomatic 
Obtain psychosocial history 
Examination and observation 
(and history)333, 509 
▶ Associated injuries 
▶ Apnoea 
▶ Seizures 
Neuroimaging329, 512, 514  ▶ Initial CT 
▶ Early MRI with diffusion weighted imaging, consider follow-up 
MRI if neurological symptoms persist 
▶ Consider extending MRI to include spinal cord 
Axial skeletal imaging512, 514 ▶ According to UK standards512 
▶ Include oblique views thorax 
▶ Consider repeat skeletal survey at 10–14 days or early bone scan if 
concerns persist or equivocal findings 
Ophthalmology521, 522 ▶ By ophthalmologist 
▶ Indirect ophthalmoscopy through dilated pupils 
▶ Standardised record of findings (laterality, extent, 
layer involved, associated features) 
Additional investigations468 
 
▶ Full blood count 
▶ Coagulation screen to exclude coagulopathy 
▶ Blood cultures to exclude sepsis 
CT = computed tomography, MRI = magnetic resonance imaging. Adapted from Kemp, 2011407 
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2.5.1 The child protection process in the United Kingdom 
When a clinician suspects that a child has suffered AHT, they have a duty to refer the 
child to social services, who will then lead a multi-agency assessment to decide whether there 
is reasonable cause to suspect that the child is suffering or is likely to suffer significant 
harm.524 A strategy discussion is usually convened, involving clinicians including CP 
paediatricians and hospital CP nurses, police officers, and social workers, to share available 
information, decide whether to pursue a criminal investigation, and to decide whether to 
initiate an enquiry under section 47 of the Children Act 1989 to determine whether any action 
should be taken to safeguard the child.524 If concerns of significant harm are substantiated, a 
CP conference may be organised and a CP plan put in place for the child.524 In fatal cases, a 
multi-agency investigation into unexpected death in infancy is conducted.525 Cases may be 
tried in the family or criminal courts. Clinicians are expected to communicate a clear opinion of 
the likelihood of AHT to their multidisciplinary colleagues and in their court reports.333 Studies 
have reported barriers to multidisciplinary working, highlighting challenges relating to 
conflicting agendas and assumptions regarding the roles of each agency.526-528 
2.6 Discussion 
This chapter aimed to review the literature on the challenges faced by clinicians in 
identifying AHT. The purpose of this exercise was to determine the need for a CPR that 
predicts the probability of AHT in children with ICI, and to gain an understanding of the likely 
value of introducing a CPR in this field. The review highlighted that clinicians face many 
challenges in the identification of AHT related to the history provided by the care-giver, 
variability in the clinical manifestations of AHT, potential differential diagnoses, forensic 
considerations, personal bias, alternative theories of causation, and the evaluation of 
suspected AHT.  
Unfortunately, due to the complexities in defining and diagnosing AHT, numerous 
studies have established that clinicians struggle to define a “reasonable suspicion” or 
“reasonable medical certainty” of abuse,529, 530 lack the confidence to identify abuse,531 exhibit 
broad variability in their perceptions of the likelihood of abuse,532, 533 and demonstrate 
inconsistencies in their investigations and diagnoses of suspected abuse.534-537 In addition, 
there is evidence that clinicians are uncomfortable rendering a definitive opinion of the 
likelihood of abuse in both the clinical and legal arena,479, 538, 539 a task which is critical to enable 
CPSWs and law enforcement to safeguard children from future harm.333, 334, 479 Lane & 
Dubowitz emphasize that “protective service workers may not know how to respond unless 
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they are provided a clear statement that the injuries are abusive, non-inflicted, or 
indeterminate”.479(p.82) There is also a lack of agreement between medical experts providing 
opinions to the courts in suspected child abuse cases,540 and a requirement that clinicians 
testifying in court can support their opinions with scientific evidence.525, 541 
A recent proposed research agenda regarding the forensic medical evaluation of child 
maltreatment emphasized that research is required to assist clinicians in evaluating suspected 
AHT more objectively, to minimize inconsistencies and variability in abuse evaluations.542 
Specifically, the agenda recommends that clinicians embrace and implement more evidence-
based, probabilistic and/or Bayesian approaches to the screening and diagnosis of AHT, to aid 
in determining which clinical, radiological and laboratory findings should prompt a thorough 
abuse evaluation in children with head trauma, and which clinical, radiological and laboratory 
findings carry a high specificity for AHT in children with head trauma.542 The authors argue that 
an evidence-based, probabilistic and/or Bayesian approach can support clinicians in 
responding to and overcoming the challenges associated with identifying AHT, for example in 
refuting the claims of those who dispute the validity of AHT as a medical diagnosis.542 More 
recently, in a review of the medical progress made over the last decade in minimizing cases of 
missed physical abuse, clinicians explicitly recommended the use of CPRs for assisting in the 
early recognition and improved identification of physical abuse.290  
2.7 Conclusions and implications for this thesis 
This chapter reviewed the literature on the challenges confronted by clinicians in the 
identification of AHT. The findings from this review highlight that the identification of AHT is 
difficult for a myriad of different reasons. Despite this, there is evidence that certain 
combinations of clinical features may help discriminate between AHT and nAHT. Taken 
together, the review of the literature presented in the current chapter and in Chapter 1 
demonstrate that a CPR for AHT that integrates a child’s clinical data and calculates an 
evidence-based patient-specific probability of AHT is urgently needed and would be of value to 
clinicians working in this field. This literature review was conducted in line with phase one of 
the MRC framework for the development and evaluation of complex interventions, in addition 
to guidelines for the development of CPRs,301, 322, 323 as it has reviewed the evidence-base to 
establish that there is a need for the PredAHT CPR. Chapter 3 therefore reviews clinical 
decision-making theories, and the logic underpinning CPRs, in order to illustrate the 
mechanisms by which CPRs may improve clinician’s decision-making and the identification of 
AHT. 
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3 Clinical decision-making theories and the logic of clinical 
prediction rules 
“Errors in judgment must occur in the practice of an art which consists largely of 
balancing probabilities.” Sir William Osler543 
3.1 Chapter overview 
This chapter presents a scoping review of literature relating to clinical diagnostic 
decision-making theories and the logic of CPRs. The introduction to this chapter will provide 
the background and rationale for this scoping review. Then, the aims of the chapter will be 
presented, followed by a description and critical evaluation of selective theories and models of 
clinical diagnostic decision-making and an overview of the current prevailing model of clinical 
diagnostic decision-making, the dual process model proposed by Croskerry.544 CPRs will then 
be introduced as a strategy for improving clinical diagnostic decision-making, and the stages in 
their development and evaluation described. Next, generic tools and CPRs for identifying child 
physical abuse will be briefly reviewed, and existing CPRs for the identification of AHT will be 
identified. The findings will be discussed, and the implications of clinical decision-making 
theories and the logic of CPRs for this thesis will be described. This chapter will help to inform 
the development of the computerised PredAHT, and the interpretation of qualitative 
interviews with clinicians, reported in subsequent chapters. 
3.2 Introduction  
As described in Chapter 1, the MRC framework for developing and evaluating complex 
interventions emphasizes the importance of identifying relevant theories to explain the 
rationale for an intervention, and to gain a deeper understanding of the processes underlying 
the behaviour to be targeted by an intervention, the changes that may be expected and how 
change is to be achieved.322, 323 This should be done whether the researcher is developing a 
new intervention or evaluating an existing intervention.322, 323 Previous studies, as described in 
Chapters 1 and 2, have provided evidence that the identification of AHT is challenging, but that 
combinations of clinical features assist in discriminating between AHT and nAHT. Thus, it has 
been established that a CPR for AHT would be of value to clinicians who come into contact 
with children with possible AHT. If PredAHT is to be introduced into clinical practice, it is 
important to understand how decisions regarding the diagnosis of AHT are usually made, and 
the mechanisms by which PredAHT may improve clinical decision-making and the identification 
of AHT. Therefore, a scoping review was conducted to explore relevant theories and models of 
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clinical diagnostic decision-making and literature regarding the logic of CPRs, to develop an 
understanding of decision-making processes in suspected AHT cases and how a CPR may 
conceivably act to alter decision-making, and to identify potential features of a computerised 
tool that might best support clinicians in their decision-making. 
3.2.1 Aims of this chapter  
1. To describe and critically evaluate a selection of clinical diagnostic decision-making 
theories relevant to the diagnosis of AHT and provide an overview of the current 
prevailing model of clinical diagnostic decision-making, namely the dual process 
model544 
2. To review the literature on the logic of CPRs and the mechanisms by which they 
may improve clinical decision-making and the identification of AHT 
3. To describe the methodological stages involved in the development and evaluation 
of CPRs 
4. To provide a brief overview of existing tools for the detection of child physical 
abuse, and to identify CPRs for assisting in the diagnosis of AHT 
3.3 Methods 
This is a literature review and was not intended to meet the Cochrane Collaboration 
definition of a systematic review.328 Nevertheless, a systematic search of key databases, texts, 
and supplementary sources was conducted to identify relevant literature. 
3.3.1 Literature search strategy 
Theories and models of clinical diagnostic decision-making were identified by 
consulting key literature including three key textbooks: Learning Clinical Reasoning,545 The 
Evidence Base of Clinical Diagnosis,546 and Medical Decision Making547; a systematic review548; 
a selective literature review549; and two comprehensive reviews of the issues surrounding the 
medical diagnosis of AHT.53, 508 Rather than being exhaustive, this approach was selected to 
include only theories and models contributing to our current understanding of clinical 
diagnostic decision-making when AHT is suspected. To identify literature regarding the 
development of CPRs, the electronic databases MEDLINE, EMBASE and PsycINFO were 
searched from inception using the Ovid platform. Search terms used were developed with the 
assistance of a medical librarian and information specialist, and are detailed in Table 3.1. 
Duplicates were removed using the Ovid de-duplicate function. Weekly email auto-alerts were 
set up in order to keep up-to-date with the literature. Supplementary sources included 
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electronic alerts from the New England Journal of Medicine Journal Watch for Hospital 
Medicine, Emergency Medicine, Pediatric and Adolescent Medicine and Neurology. Literature 
was sourced from the reference lists of identified articles, and from a key textbook in the field: 
Clinical Prediction Models: A Practical Approach to Development, Validation and Updating.324 
Generic screening tools and injury-specific CPRs for identifying physical abuse were identified 
from the search strategy detailed in Chapter 2. Finally, CPRs for the identification of AHT were 
retrieved by combining the search strategy detailed in Chapter 2 with validated search filters 
for locating prediction studies.550 These filters are detailed in Table 3.2 and have a high 
sensitivity for finding studies on CPRs when combined with outcome-specific search terms.  
Table 3.1 Search terms used to identify literature on the development of clinical prediction 
rules 
Clinical predict* rule 
Clinical decision rule 
Clinical predict* tool 
Clinical decision tool 
Clinical predict* model* 
Clinical decision model* 
AND 
Method* 
Standard* 
Deriv* 
Validat* 
Impact 
Implement* 
Evaluat* 
Guid* 
Barrier* 
Acceptab* 
Attitud* 
Opinion* 
Aware* 
Priorit* 
Framework* 
Survey 
Valu* 
Table 3.2 Validated search filters for locating clinical prediction rule studies 
(Validat$ OR Predict$.ti. OR Rule$) OR (Predict$ AND (Outcome$ OR Risk$ OR Model$)) OR 
((History OR Variable$ OR Criteria OR Scor$ OR Characteristic$ OR Finding$ OR Factor$) AND 
(Predict$ OR Model$ OR Decision$ OR Identif$ OR Prognos$)) OR (Decision$ AND (Model$ 
OR Clinical$ OR Logistic Models/)) OR (Prognostic AND (History OR Variable$ OR Criteria OR 
Scor$ OR Characteristic$ OR Finding$ OR Factor$ OR Model$)) 
OR 
‘‘Stratification’’ OR ‘‘ROC Curve’’[Mesh] OR ‘‘Discrimination’’ OR ‘‘Discriminate’’ OR ‘‘c-
statistic’’ OR ‘‘c statistic’’ OR ‘‘Area under the curve’’ OR ‘‘AUC’’ OR ‘‘Calibration’’ OR 
‘‘Indices’’ OR ‘‘Algorithm’’ OR ‘‘Multivariable’’ 
Reproduced from Geersing et al., 2012550 
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3.4 Clinical decision-making when abusive head trauma is suspected 
The process of forming a medical diagnosis requires clinicians to identify probable 
internal and external/environmental causes of a patient’s signs and symptoms.551 To do this, 
they must use clinical reasoning, defined as “the range of strategies that clinicians use to 
generate, test and verify diagnoses”.552(p.1118) Clinical diagnostic reasoning is the most 
important of a clinician’s skills.544 Keen diagnostic acumen is critical in the formulation of an 
actionable diagnosis and is essential for the safe, timely and effective management and 
treatment of patients.545 As described in Chapter 2, diagnosing AHT is challenging as there is 
no gold-standard diagnostic test, and a requirement to interpret the child’s clinical and 
historical information within a forensic context. Nevertheless, the approach to the medical 
diagnosis of AHT is the same as the approach to any other medical diagnosis.53, 508  
When arriving at a diagnosis, clinicians must critically assess the trade-offs between the 
harms and benefits of tests and treatments.545 If an incorrect diagnosis is given, patients may 
not receive appropriate treatment or may undergo unnecessary treatment, investigations or 
tests.545 When faced with a child with an ICI evident on neuroimaging, clinicians must decide 
whether to pursue an abuse evaluation and undertake additional investigations such as an 
ophthalmology exam, skeletal survey, and coagulation screen, subjecting the child to 
additional radiation exposure and possible unnecessary testing, and causing distress for their 
family. Conversely, if an abuse evaluation is not launched, and investigations not undertaken, 
AHT may be missed and the child returned to an abusive environment. An incorrect diagnosis 
of nAHT could endanger the child’s life or future wellbeing, whereas an incorrect diagnosis of 
AHT could result in unjustified removal of the child from their family and a delay in the correct 
diagnosis and treatment of any unrecognized medical cause for their symptoms. Clinicians 
must be able to convey information about the likelihood of a diagnosis to other interested 
persons551; in cases of suspected AHT this includes professionals from social services, law 
enforcement and sometimes the judiciary.333 
In practice, clinicians must integrate several patient characteristics and symptoms to 
estimate the likelihood of a particular diagnosis or sometimes several competing diagnoses at 
once.553 The diagnostic work-up involves a series of sequential steps in which an array of 
clinical information is obtained from the history, physical examination and various diagnostic 
tests.553 When AHT is suspected, clinicians conduct a thorough physical examination, obtain a 
complete medical and psychosocial history, cooperate with multiple agencies and medical 
disciplines to gather additional historical and clinical information, and examine radiologic and 
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laboratory data to determine the need for further testing.1 In theory, following each step, the 
clinician (implicitly or explicitly) integrates the information into a judgment regarding the 
probability of the condition of interest being present.553 The information provided at each step 
is combined with the previous information, and the estimated probability of the diagnosis is 
refined.553 Clinical diagnostic decision-making is therefore inherently multivariable.553-556  
3.4.1 Medicine as a science of uncertainty and an art of probability 
It is widely recognized that medicine is not an exact science and that clinicians 
regularly encounter diagnostic uncertainty in clinical practice.557 The significance of probability 
in clinical decision-making was recognized as long ago as 1922: “good medicine does not 
consist in the indiscriminate application of laboratory examinations to a patient, but rather in 
having so clear a comprehension of the probabilities and possibilities of a case as to know what 
tests may be expected to give information of value”.558 Although diagnostic reasoning is 
grounded in the roots of the scientific method,53 “all diagnostic hypotheses represent 
probabilistic judgments that are based on observed medical facts that have variable 
probabilities of being correct. Each fact (symptom, sign, or test abnormality) also has only a 
variable probability of being found in a given condition that is typically characterized by its 
presence”.551(p.465) Clinicians make probabilistic judgments every day, both prior to and after 
carrying out laboratory tests or other investigations that may confirm or refute a suspected 
diagnosis.551 In addition, clinicians’ judgments and actions are influenced by their personal 
behavioural, social, economic and cultural norms, cognitive biases, preconceptions, and 
emotional temperature.559-561 In the 1980’s, the evidence-based medicine (EBM) movement 
was pioneered by Dr David Sackett, in an attempt to minimise subjectivity in clinical decision-
making and provide a framework to aid clinicians in navigating uncertainty in clinical 
practice.562 The central notion of EBM is the integration of the best available research 
evidence with individual clinical expertise.563 The “art of medicine” has been defined as the 
ability to apply EBM to individual patients.564 Patel et al.565 describe the science of medicine as 
“correlating or applying principles in an axiomatic or deductive fashion to a patient’s 
symptoms, yielding a precise diagnostic solution”, and the art of medicine as “the use of 
intuition, experience and holistic perceptions in making clinical judgments and in the delivery 
of humane care” (p. 75). Making decisions under conditions of uncertainty is fundamental to 
the definition of a professional, and it has been argued that for those working in CP, every 
evidence-based decision is essentially a risk decision.566 Ultimately, clinicians must astutely 
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balance their scientific knowledge of the pathophysiological processes of the human body and 
the statistical and epidemiologic data in the medical literature, their emotions and personal 
biases, and their clinical experience when considering a diagnosis of AHT for an individual 
patient.53, 508  
3.4.2 The hypothetico-deductive model of clinical decision-making 
Whereas clinical diagnostic reasoning was once thought to proceed in a discretely 
linear, sequential manner, influential research conducted in the 1970’s demonstrated that 
diagnosis follows a dynamic, non-linear, unstructured process involving both inferential and 
deductive reasoning.567, 568 Possible diagnoses are generated early in the patient encounter, 
which guide subsequent investigations and history taking.567, 568 This method of decision-
making is known as the hypothetico-deductive model of reasoning,567 or the “differential 
diagnosis methodology” in the AHT literature.53, 508 The hypothetico-deductive model is a 
proposed description of scientific method; according to the model, scientific inquiry proceeds 
by formulating hypotheses in a form that could conceivably be falsified by a test on observable 
data.  
Heneghan et al.569 devised a three-stage model of hypothetico-deductive reasoning in 
clinical decision-making: generation of initial diagnostic hypotheses; refinement of the 
diagnostic hypotheses; and definition of the final diagnosis (Figure 3.1). At the hypothesis 
generation stage, information about the chief complaint, the history of the circumstances 
surrounding the presenting symptoms(s), a comprehensive medical and psychosocial history, 
and the physical examination findings is assembled, and a list of differential diagnoses 
formulated; this list then informs the investigations needed to confirm or exclude these 
potential diagnoses.545 Either the most likely or the most severe diagnosis is tested first.553 As 
additional clinical information is obtained, diagnostic hypotheses are progressively refined; 
some are excluded, some become more or less likely, and new hypotheses may be triggered. 
This process continues until a “working diagnosis” is reached.545 This working diagnosis must 
be verified, by evaluating its coherency (do the patient’s symptoms and signs match those 
expected for the diagnosis?), its adequacy (does the diagnosis explain enough of the patient’s 
findings?), and its parsimony (is the diagnosis a simple explanation for the patient’s findings?), 
and rejecting competing diagnoses (can any other diagnosis explain the patient’s findings 
better than the working diagnosis?). The verified working diagnosis informs the next step in 
patient management and the definition of the final diagnosis.545  
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In the context of a child with ICI where AHT is among the differential, the chief 
complaint usually comprises the initial presenting symptom(s) such as apnoea, irritability, 
altered mental status, seizures, lethargy, vomiting, or others, as detailed in Chapter 2. Based 
on this, the clinician performs a physical examination, orders diagnostic tests, beginning with a 
head CT scan, and obtains a comprehensive medical history, to identify injuries and rule out 
other causes for the findings. This includes a total body examination to identify signs of 
trauma, a detailed history of the events surrounding the presenting symptom(s), a trauma 
history, a medical history, and a developmental history.1 The clinician then considers the 
potential diagnoses that might explain the clinical presentation and initial radiologic findings, 
known as “differentials”.53 Differentials are formulated for all presenting symptoms/injuries 
(e.g. bruises, fractures, ICI), and the clinician then embarks on the “complex inferential and 
deductive process of differential refinement”.53(p.572) Additional tests may be ordered and 
additional clinical information obtained from medical specialists including neurosurgeons, 
radiologists and ophthalmologists.1, 570 If AHT is suspected, a multidisciplinary assessment is 
conducted and a comprehensive psychosocial history is obtained from social workers, 
including identification of psychosocial stressors, mental health disorders, substance abuse, 
domestic violence, and previous child maltreatment concerns.1, 570 Investigative details will be 
obtained from police officers regarding e.g. parental interviews and scene examination.334 The 
findings must be analysed to reach a unifying diagnosis that meets the criteria of “adequacy”, 
“parsimony” and “coherency”.508 Heneghan et al.569 found that multiple different strategies 
are used to combine, integrate, and interpret data at each of the three stages of reasoning 
when making diagnostic inferences (Figure 3.1). 
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Figure 3.1 Stages and strategies in reaching a clinical diagnosis 
 
Reproduced from [Diagnostic strategies used in primary care, Heneghan et al., 338, b946, 
2009]569 with permission from BMJ Publishing Group Ltd. 
3.4.3 Hypothesis generation: pattern recognition 
One such strategy used at the hypothesis generation stage is the direct automatic 
retrieval of relevant knowledge via the recognition of specific patterns of signs or 
symptoms.549, 569 A number of different theories attempt to explain how new patients with 
specific clinical patterns are compared to a clinician’s existing diagnostic knowledge, and how 
such knowledge is stored and retrieved.545, 549 Exemplar-based models posit that new cases 
are categorised by their similarity to previously encountered cases.571 Prototype-based models 
propose that new cases are compared to abstract mental models or prototypes developed 
through clinical experience.572 Another theory suggests that new cases are interpreted with 
reference to case-specific knowledge stored in symbolic structures defined as “illness 
scripts”.573, 574 Illness scripts contain information about the context, manifestations and 
consequences of conditions, drawn together with causal links and arranged in a temporal 
sequence. Scripts can be both general prototypes of conditions, or specific descriptions of 
individual patients (exemplars). Expert diagnosticians are thought to have access to multiple 
stored exemplars or “instance scripts” due to exposure to many different cases.573 This 
concept is particularly attractive as it allows for the possibility that different clinicians may 
develop different scripts for the same condition based on their individual experiences, and 
may explain why more experienced clinicians are better diagnosticians.545, 573 
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Indeed, expertise in diagnostic reasoning varies greatly between clinicians and 
depends upon their proficiency in a particular field. Some researchers have questioned the 
relevance of the hypothetico-deductive model of clinical reasoning described above, since 
diagnostic accuracy appears to rely at least in part on clinical knowledge rather than clinical 
reasoning strategies per se.549, 571 It is probable that clinicians lacking knowledge of a particular 
condition or clinical area and novice clinicians adopt a hypothetico-deductive strategy to 
generate diagnostic hypotheses, while experienced clinicians use pattern recognition 
strategies, and reserve the hypothetico-deductive approach for especially difficult cases.549  
3.4.4 Hypothesis refinement: probabilistic diagnostic reasoning 
Within the hypothetico-deductive framework of clinical decision-making described 
above, a diagnostic hypothesis is progressively refined as new information successively 
increases or decreases a clinician’s belief in that hypothesis. Probabilistic reasoning is one 
strategy used at the hypothesis refinement stage of clinical decision-making to assist clinicians 
in their interpretation of new diagnostic information, and has been described as an approach 
that can help clinicians to deal with the uncertainty inherent in clinical decision-making.575 
Probability is a quantitative means of expressing uncertainty and is defined as a number 
between 0 and 1 that expresses a clinician’s opinion about the likelihood of a condition being 
present or of an event occurring in the future.547 Any level of uncertainty can be expressed on 
this scale. The probability of a condition or future event that a clinician believes is certain to 
occur is equal to 1. The probability of a condition or future event that a clinician believes is 
certain not to occur is equal to 0 (Figure 3.2).  
Figure 3.2 A quantitative means for expressing uncertainty: the probability scale 
 
 
 Crucially, a probabilistic reasoning approach is based on the principle that the 
interpretation of new diagnostic information depends on what you believed beforehand, and 
that reaching a diagnosis involves updating an initial opinion with imperfect information, i.e. 
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the clinical evidence.576, 577 The formal mathematical rule for this task is Bayes’ theorem.578, 579 
With this approach, a clinician identifies a condition that could plausibly explain the given set 
of clinical findings, and subsequently quantifies the diagnostic uncertainty via three cognitive 
steps.547, 580 The first step involves making an initial judgment about the likelihood of the 
patient having the condition by estimating the pre-test probability of the condition. The pre-
test probability is defined as the probability of the condition before acquiring new information 
and is also known as the prior probability. The pre-test probability can simply be the known 
prevalence of the condition or the clinician’s subjective impression of the probability of the 
condition based on their personal experience and knowledge of the clinical literature. The 
second step involves gathering additional information, from the history, physical examination 
or diagnostic tests. Clinicians must know how to measure the accuracy of diagnostic tests, and 
possess knowledge of the discriminatory power of clinical and historical findings, in order to 
interpret additional information in light of their prior beliefs.581, 582 Test performance can be 
conveniently summarized in a 2x2 contingency table showing the numbers of patients with 
and without the condition who had a positive or negative test result.583 Commonly used 
measures of test accuracy can then be calculated from a contingency table (Table 3.3). The 
third step involves updating the initial probability estimate, that is, the pre-test or prior 
probability of the condition, to the post-test probability of the condition. The post-test 
probability is defined as the probability of the condition after acquiring new information and is 
also known as the posterior probability. The post-test probability is a function of the pre-test 
probability and the discriminatory power of a test or clinical finding. Bayes' theorem is a 
normative rule which explains how clinicians should reason, but it does not claim to describe 
how diagnostic hypotheses are actually refined in practice.549 It has been demonstrated that 
clinicians with training in evidence based medicine are more likely than untrained clinicians to 
adopt a Bayesian approach to the interpretation of diagnostic information.563 The role of 
Bayes’ theorem in probabilistic reasoning is depicted in Figure 3.3. Bayes’ theorem is discussed 
in further detail in Chapter 4. 
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Table 3.3 Test performance parameters 
 Condition Present Condition Absent Totals 
Test positive TP FP TP + FP 
Test negative FN TN FN + TN 
Totals TP + FN FP + TN TP + FP + FN + TN 
Parameter Definition Calculation 
True positives 
The number of patients with the target 
condition who have a positive test result 
TP 
True negatives  
The number of patients without the target 
condition who have a negative test result 
TN 
False positives 
The number of patients without the target 
condition who have a positive test result 
FP 
False negatives 
The number of patients with the target 
condition who have a negative test result 
FN 
Prevalence (pre-
test probability) 
The number of patients in the study population 
who have the target condition 
(TP + FN) / (TP + FP 
+ FN + TN) 
Sensitivity (Sens) 
The number of patients with the target 
condition who have a positive test result 
TP / (TP + FN) 
Specificity (Spec) 
The number of patients without the target 
condition who have a negative test result 
TN / (FP + TN) 
Positive predictive  
value 
The probability that a patient with a positive 
test result has the target condition 
TP / (TP + FP) 
Negative predictive  
value 
The probability that a patient with a negative 
test result does not have the target condition 
TN / (FN + TN) 
Positive likelihood 
ratio: LR(+) 
The number of times more likely a patient with 
the target condition is to have a positive test 
result compared with a patient without the 
target condition 
Sens / (1 – Spec) 
Negative likelihood  
ratio: LR(-) 
The number of times more likely a person with 
the target condition is to have a negative test 
result compared with a person without the 
target condition 
(1 – Sens) / Spec 
Overall accuracy 
The probability that a patient will be accurately 
classified by a test  
(TP + TN) / (TP + FP 
+ FN + TN) 
Pre-test odds (PTO) 
The odds that a patient will have the target 
condition before the test is carried out 
Prevalence / (1 – 
Prevalence) 
Positive post-test  
odds (PPTO) 
The odds that a patient will have the target 
condition given a positive test result 
PTO x LR(+) 
Negative post-test 
odds (NPTO) 
The odds that a patient will have the target 
condition given a negative test result 
PTO x LR(-) 
Positive post-test 
probability 
The probability that a patient will have the 
target condition given a positive test result 
PPTO / (PPTO + 1) 
Negative post-test 
probability 
The probability that a patient will have the 
target condition given a negative test result 
NPTO / (NPTO + 1) 
Adapted from Whiting et al., 2013583 
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Figure 3.3 The role of Bayes’ theorem in the probabilistic reasoning approach to clinical 
diagnosis 
 
3.4.4.1 The threshold approach to diagnosis 
In order to appreciate how a diagnostic test, clinical finding, or indeed a CPR may 
conceivably act to alter testing or management decisions in a case of suspected AHT, it is 
important to understand the threshold approach to diagnosis.580, 584, 585 Within the framework 
of probabilistic reasoning, the selection and/or interpretation of a diagnostic test depends on 
the level of certainty at which an individual clinician is willing to order a test or initiate 
treatment. This is known as the threshold concept, which explicitly takes into account both the 
probability of a condition and the trade-offs between the harms and benefits of tests and 
treatments.545, 580, 585 The test threshold is the probability at which a clinician should be 
indifferent between not treating the patient and carrying out further tests. The treatment 
threshold is the probability at which a clinician should be indifferent between carrying out 
further tests and treating the patient (Figure 3.4). Once these thresholds have been calculated 
by clinicians, whether implicitly or explicitly, when the probability of a condition falls below the 
test threshold, the diagnosis under consideration is effectively excluded and the optimal 
choice is to withhold treatment or further testing; when the probability of a condition falls 
above the treatment threshold, the diagnosis is effectively confirmed and the optimal choice is 
to treat the patient; and when the probability of a condition falls in the middle of the two 
thresholds, the diagnosis remains unconfirmed and the optimal choice is to conduct further 
tests and to either treat or not treat the patient depending on the results.545, 580 A test should 
only be ordered if it would cause the probability of a condition to cross the treatment 
threshold and thus alter the management of the patient.547 In the context of identifying AHT, 
the test threshold can be thought of as the threshold above which a diagnosis of AHT is 
considered, and an abuse evaluation and additional tests ordered e.g. an ophthalmology exam 
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and skeletal survey, while the treatment threshold can be thought of as the threshold above 
which a diagnosis of AHT is suspected, and a referral to social services warranted.586, 587 It is 
well known that individual clinicians’ probability thresholds for considering, suspecting and 
referring AHT are somewhat varied.490, 529, 530, 532, 533 
Figure 3.4 Test and treatment threshold probabilities 
 
3.4.5 Causal reasoning 
To determine a medical diagnosis for a patient, and therefore the most appropriate 
next step in management, clinicians seek to identify the cause of a patient’s signs and 
symptoms.588 Throughout the diagnostic reasoning process, clinicians use causal reasoning to 
arrive at the pathogenesis or pathophysiology of a condition, based on the cause-and-effect 
relationships between clinical variables.545, 551, 588 Causal reasoning involves an understanding 
of the anatomic, physiologic, and biochemical mechanisms that operate in the human body in 
health and disease.545, 588 To establish causation, clinicians generate cognitive “causal models” 
for each patient, which are essentially a sequence of plausible cause-and-effect 
mechanisms.545, 588, 589 Any reliable data or clinical variable that helps to explain a causal 
model is incorporated into it.545, 590 Clinicians’ causal models can be based on their 
pathophysiologic knowledge; statistical evidence of correlations between variables that form 
the basis for an epidemiologic assessment of causality; considerations of biological plausibility; 
case reports; temporal proximity between a suspected insult and an outcome; and 
idiosyncratic knowledge of the individual patient.545, 590 Several causal models may be 
considered during the hypothesis refinement stage.551 Such models are most helpful at the 
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diagnostic verification stage when evaluating the coherency of a working diagnosis.545 
Definitive tests for causality are rare,551 and causality in medicine can virtually never be 
proved,545 thus, an opinion on cause is often arrived at through the process of ruling out or 
eliminating potential differential diagnoses.551 Clinicians use both causal and probabilistic 
reasoning to establish causation.551  
To determine whether a child’s head injury was caused by accidental trauma, abusive 
trauma, or a medical condition, clinicians use their knowledge of the pathophysiological 
processes of disease and the human body to eliminate conditions from their list of 
differentials.508 The diagnosis of AHT is also based in large part on determining whether a 
child’s injuries are pathophysiologically inconsistent with the proffered history and mechanism 
of injury.53 As described in Chapters 1 and 2, specialist paediatricians and pathologists have 
studied and tested numerous aspects of the diagnosis and identification of AHT, including the 
clinical presentation, historical, clinical and radiological features, injury mechanisms and 
pathophysiology, risk factors, and outcomes. Since AHT and nAHT can have similar clinical 
manifestations and there is no gold-standard diagnostic test for AHT, clinicians must rely on 
their expertise, their pathophysiologic and epidemiologic knowledge from the scientific 
literature, a forensic approach to injury assessment, and individual patient information in 
determining causation.53, 551  
3.4.6 The dual process theory of clinical reasoning  
The prevailing model of clinical reasoning is based upon the psychological dual-process 
theory of cognition, which distinguishes between two information processing systems: the 
intuitive, non-analytical System 1, and the rational, analytical System 2.544, 591-593 System 1 
processing is automatic; implicit; fast; unconscious; effortless; holistic; difficult to control; 
emotionally-charged; and context-bound. Conversely, System 2 processing is deliberate; 
explicit; slow; conscious; effortful; piecemeal; controlled; and potentially rule-governed. 
System 1 employs heuristics and other mental shortcuts, which represent an adaptive 
mechanism to facilitate our day-to-day decision-making,594 as well as pattern recognition 
strategies described in section 3.4.3; System 1 therefore allows for rapid generation of 
diagnostic hypotheses. Emotional and affective responses may also be triggered by System 1. 
One such response is known as a “gut feeling”, which has been defined as a specific type of 
intuition that something is wrong even in the absence of specific clinical indicators, or a sense 
of reassurance about a patient’s condition and management despite the absence of a 
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definitive diagnosis.595 System 2 employs analytical strategies such as the hypothetico-
deductive and probabilistic approaches outlined in sections 3.4.2 and 3.4.4 and is therefore 
useful for hypothesis generation when clinical patterns are not recognized, and for hypothesis 
refinement.544, 592  
It is currently believed that the two systems do not operate discretely but are 
interactive and represented on a cognitive continuum.596 In some circumstances, System 1 
processes may be sufficient to generate and confirm a working diagnosis, and System 2 may 
not be activated. However, if the clinical presentation is not recognized or is ambiguous, or if 
there is considerable uncertainty involved, System 2 processes are required instead.544 System 
2 processes are preferred when the clinical stakes are high, when the situation is complex, and 
when clinicians have more time to consider a diagnosis.592 It is likely that in most situations, 
optimal clinical reasoning requires a combination of both intuitive and analytical processes.597-
600 Indeed, Balla et al.601 demonstrated that clinicians used their prior experience and clinical 
knowledge to generate initial hypotheses based on salient features of the clinical picture, and 
subsequently actively gathered and consciously weighted further information in order to test 
their hypotheses. System 2 is capable of monitoring and overriding System 1 by rejecting an 
incorrect initial hypothesis, however this ability is affected by variables such as clinician 
fatigue, distraction, or cognitive overload.544, 594 System 1 can also override System 2, a 
phenomenon known as dysrationalia, akin to the state of acting against one’s better 
judgment.602 The dual process model of clinical reasoning is shown in Figure 3.5.
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Figure 3.5 The dual process model of clinical reasoning (Croskerry, 2009)544 
 
If a patient’s clinical presentation is recognized, intuitive System 1 processes are engaged; if it is not, analytical System 2 processes are engaged instead. 
Repeated System 2 processing (i.e. clinical experience) leads to automatic System 1 processing. Both systems can override the other, and they may 
interact to generate the final working diagnosis. Figure reproduced from Croskerry et al., 2013594
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3.4.7 Heuristics and biases 
The heuristics and mental shortcuts which characterize System 1 processing are known 
to be vulnerable to a multitude of cognitive and affective biases.594 Tversky and Kahneman603 
noted that “people rely on a limited number of heuristic principles which reduce the complex 
tasks of assessing probabilities and predicting values to simpler judgmental operations. In 
general, these heuristics are quite useful, but sometimes they lead to severe and systematic 
errors” (p. 1124). The clinical literature generally cautions clinicians against intuitive reasoning 
to avoid errors resulting from cognitive biases.560, 604, 605 However, cognitive biases have also 
been found to be associated with analytical reasoning.598, 606, 607 Additionally, in some cases 
intuitive decision-making has been found to be superior to analytic deliberation,608 perhaps 
because of the considerable cognitive resources required for analytical reasoning, such as the 
increased demands on working memory.609 The majority of diagnostic errors are attributed to 
cognitive failings when processing and synthesising information, including at the hypothesis 
verification stage.610 Diagnostic errors can involve inaccuracies in the assessment of the pre-
test probability of disease, the strength of the evidence, or both, leading to inaccurate post-
test probabilities of disease.549  
Over 100 cognitive and around one dozen affective biases have been identified and 
described in the literature, arising from both System 1 and System 2 processing.611, 612 
Examples of biases associated with hypothesis generation, which is likely governed by intuitive 
responses, include availability bias and representative bias.598 Availability bias refers to the 
tendency to judge things as being more likely if they easily come to mind, while representative 
bias refers to the tendency to judge a case based on its similarity to a diagnostic prototype.549 
Biases associated with hypothesis refinement include anchoring and adjustment bias, the 
tendency to lock onto salient features of the clinical presentation early on and failing to 
consider alternative diagnoses in light of new information, and premature closure, the 
tendency to stop considering other diagnoses or failing to adequately confirm a diagnosis once 
one is reached.549, 610 A study of diagnostic error in medicine found the most common cognitive 
bias to be premature closure.610  
Cognitive error may also be caused by biases that have become established through 
faulty or flawed probabilistic reasoning.549, 613 A recent systematic review demonstrated that 
clinicians have difficulty understanding, interpreting and applying diagnostic information 
including commonly used measures of test accuracy.581 Of 22 studies examining the ability of 
clinicians to estimate the post-test probability of disease by combining prevalence data with 
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test accuracy data, only two studies found some evidence of success.614, 615 Information with 
high diagnostic value is generally underestimated while information with low diagnostic value 
is generally overestimated.616 As previously noted, diagnosis is inherently multivariable and 
diagnostic probabilities are estimated based upon combinations of multiple clinical features 
and test results, which to some extent may be correlated.553-556 The diagnostic process involves 
updating existing information with new data and assessment of the relations among all of the 
clinical findings.545 Unfortunately, applying Bayes’ theorem when a number of correlated 
variables are involved in a diagnostic judgment is extremely complicated and impractical.617 
Accounting for possible correlation among variables and accurately estimating the relative 
contribution or independent diagnostic value of the multiple clinical features and test results 
for a diagnosis is a significant challenge for clinicians.618, 619  
3.4.7.1 How susceptible is the diagnosis of abusive head trauma to heuristics and biases? 
As the methodology employed in reaching a diagnosis of AHT is the same as that 
employed in reaching any other medical diagnosis, the diagnosis of AHT is not immune to 
heuristics and biases.508 Many biases associated with the evaluation of AHT, such as racial and 
ethnic biases, are implicit, meaning that they operate outside of a clinician’s conscious 
awareness and are therefore particularly difficult to overcome.202, 620, 621 One recent study 
found that child abuse paediatricians without access to social intuition were around twice as 
likely to conduct a gold standard evaluation for neurotrauma compared with those 
paediatricians who had met the families.622 Common cognitive errors that can occur during the 
forensic evaluation for child abuse, potentially leading to misdiagnosis, are presented in Table 
3.4.620, 621 Narang et al.508 contend that one of the most important attributes that can alleviate 
the impact of biases and heuristics in the diagnosis of AHT is the utilization of EBM and 
statistical thinking. Similarly, other researchers advocate consistent application of evidence-
based decision tools in order to best overcome the biases and practice disparities that have 
been demonstrated in the evaluation of AHT.202, 622
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Table 3.4 Common cognitive errors that occur during the evaluation of suspected child abuse 
Type of Cognitive 
Error 
Definition Example 
Implicit 
stereotypes 
Relying on generalizations to 
describe a family or caregiver  
“Bad parent”, “nice family” 
Anchoring Difficulty considering alternative 
diagnoses even if all the 
information does not fit as one 
would expect 
New data is analysed in the context 
of whether it fits with the working 
diagnosis 
Triage cueing Sending a patient to a specialist 
based on a very specific symptom 
or finding  
Referral to a haematologist to 
evaluate for a bleeding disorder 
based on bruising 
Premature closure Failing to appreciate that there is 
more to know before forming a 
view 
Stopping a work-up for e.g. child 
abuse as one has already made up 
one’s mind 
Tunnel vision Seeing an incident from a 
personal perspective or through a 
narrow lens 
Failing to consider alternative 
explanations for a child’s signs and 
symptoms 
Contextual bias The significance of the findings is 
dependent on the context it is 
thought to exist in 
The investigation of a presenting 
symptom may vary depending on 
the specialty domain of the medical 
expert, e.g.623 
Confirmation bias The tendency to test a hypothesis 
by looking for instances that 
confirm it 
Clinicians may be influenced by what 
is already considered by other 
professionals to be suspicious  
Hindsight/outcome 
bias 
Retrospective suspicion that was 
not present initially, in light of 
new findings  
Has been found in radiology 
reporting  
Groupthink A strong compulsion within 
certain groups to reach 
unanimous decisions 
Multidisciplinary team attempts to 
reach consensus at the expense of 
objectivity  
 
Adapted from Laskey, 2014620 with information from Skellern, 2015621 
3.5 Clinical prediction rules as a strategy for improving clinical decision-making 
Since most diagnostic errors are the result of flaws and biases in the way clinicians 
think,610 efforts and strategies to minimise the cognitive shortcomings of clinicians have 
abounded in recent years.560, 624-626 CPRs are one such strategy. CPRs are commonly used at 
the hypothesis refinement stage of diagnosis to quantify the probability of a target 
condition569 (Figure 3.1). The use and application of CPRs is based on probabilistic or Bayesian 
diagnostic reasoning627: estimating a pre-test (prior) probability of the target condition, then 
applying a likelihood ratio derived from the presence or absence of the clinical features 
included in the CPR (similar to applying a diagnostic test result), which in turn enables the 
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calculation of a post-test (posterior) probability628 that is interpreted in relation to an 
individual clinician’s test and treatment thresholds.580 By explicitly combining and quantifying 
the contribution of aspects of the history, physical examination or diagnostic tests, CPRs can 
be readily applied to the diagnostic process.292, 293  
3.5.1 What are clinical prediction rules? 
As briefly outlined in Chapter 1, CPRs are algorithmic tools that estimate the 
probability of the presence of a clinical condition or the likelihood of an outcome by 
considering a small number of highly valid indicators.629, 630 They include three or more 
predictors, from patients’ clinical findings, history, or investigation results.292 CPRs are most 
valuable when decision-making is challenging, when there is evidence that clinicians are failing 
to accurately diagnose a condition, and when there are serious consequences associated with 
an incorrect diagnosis,293, 630 as is the case in suspected AHT. Their purpose is to assist 
clinicians in making decisions under conditions of uncertainty and enhance diagnostic, 
prognostic or therapeutic accuracy and decision-making, with the ultimate aim of improving 
the quality of patient care.293, 629, 630 The predicted probabilities from a CPR allow clinicians to 
stratify patients into risk groups and help them to decide whether further assessment or 
treatment is necessary. Patients with a high probability of having a condition may be 
candidates for treatment or further investigations, while patients with a low probability of 
having a condition may not require further work-up.631 Some CPRs can help to ‘rule in’ a 
condition by identifying patients who are very likely to have a condition and who thus require 
additional diagnostic testing or treatment, whilst others aim to ‘rule out’ a condition by 
identifying patients who are very unlikely to have a condition, thus reducing unnecessary 
testing without compromising patient care.293, 630 CPRs that aim to predict the probability of a 
condition are termed diagnostic or screening rules.630  
3.5.2 A note on terminology 
Importantly, while the term “diagnostic prediction rule” implies that a definitive 
diagnosis can be made on the basis of the results, it is widely acknowledged that a CPR should 
never replace clinical judgment, but rather assist clinical reasoning by providing clinicians with 
more objective and evidence-based probability estimates to complement other relevant 
information.296 Reilly and Evans299 distinguish between assistive prediction rules that simply 
provide clinicians with predicted probabilities without recommending a specific clinical course 
of action, and directive decision rules that explicitly suggest additional diagnostic tests or 
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treatment in line with the obtained score. Decision rules intend to directly influence clinician 
behaviour, while prediction rules intend to help clinicians predict risk without providing 
recommendations, with the assumption that accurate predictions will lead to better decisions. 
Some researchers also distinguish between prediction models that provide predicted 
probabilities along the continuum between certified impossibility (Pi=0) and absolute certainty 
(Pi=1),632 and prediction rules that classify patients into risk groups by applying a clinically 
relevant cut-off that balances the likelihood of benefit with the likelihood of harm.633, 634 Such 
cut-offs are known as decision thresholds; a threshold must be applied if a prediction model 
aims to influence decision-making.633  
3.5.2.1 Terminology used in this thesis  
Diagnostic/screening rules developed for the identification of AHT are the focus of 
this thesis. This includes those that estimate the probability of abuse (prediction models or 
rules), those that recommend a clinical course of action (decision rules), or those that do both. 
The rule developed and tested within this thesis can be described in its current form as a 
prediction rule rather than a decision rule, as it makes no recommendations to clinicians based 
on specific scores. It can also be defined as both a prediction model and a prediction rule, as it 
provides probability estimates on the continuum of risk, and its performance as a clinical rule 
is assessed using various thresholds. The term “clinical prediction tool” has been chosen to 
describe this rule, as it functions as a practical device akin to a clinical calculator. Specifically, 
the full name given to the tool is the “Predicting Abusive Head Trauma (PredAHT) tool”. For 
brevity this is simply referred to as “PredAHT”, throughout. In general the term “clinical 
prediction rule” will be used, however the term “model” may be used to describe the logistic 
regression coeffcients/formulae resulting from the statistical derivation of a rule. When 
describing or evaluating other specific rules, the terms that the authors of these rules have 
chosen to use themselves are adhered to.  
3.5.3 Why clinical prediction rules may be more accurate than clinical judgment 
An underlying assumption is that the predictions of CPRs are objective, which helps to 
overcome the subjectivity inherent in unaided clinical judgment, and potential biases 
associated with intuitive decision-making.293, 635, 636 Indeed, ‘statistical or actuarial’ methods of 
prediction, where clinical data are integrated based on “empirically established relations 
between data and the condition or event of interest”,619(p.1668) have been shown to be 
superior to clinical judgment in a number of comparative studies and reviews across a wide 
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range of sectors including finance, education, psychology, medicine, and child welfare.619, 637-
641 However, an opposing body of work suggests that human judgment based on heuristics is 
on par with statistical models.642 A recent systematic review of studies comparing CPRs with 
clinical judgment found that CPRs are rarely superior to clinical judgment, however the authors 
point out that to date there have been limited studies addressing this question and note the 
high or unclear risk of bias for the majority of the included studies in at least half of the risk of 
bias domains assessed.643 
There are other reasons to believe that CPRs would be more accurate than clinical 
judgment. When CPRs are derived using multivariable regression modelling techniques, the 
joint effects of multiple variables from patients’ clinical findings, history and investigation 
results are considered and variables with no independent predictive value are discarded.619 
The estimated regression coefficients of predictors included in the final model represent the 
independent contribution of each predictor to the outcome probability when mutually 
adjusted for one another.294, 324, 619 Thus, unlike clinicians, CPRs can account for possible 
correlation between variables and estimate the independent predictive value of multiple 
pieces of clinical information when considered together. Furthermore, CPRs are more reliable 
than clinical judgment, because probabilities are calculated according to a fixed formula or 
algorithm, providing consistent results regardless of the expertise of the clinician. Conversely, 
since clinical judgment can be subjective there is likely to be variability between individual 
clinicians in predicting outcomes.619  
3.5.4 Mechanisms by which clinical prediction rules may improve clinicians’ decision-
making 
A CPR may conceivably improve clinical decision-making via a number of different 
mechanisms. A clinical decision rule that provides specific treatment, testing or management 
recommendations may change clinicians’ decisions directly, by altering a decision they had 
already made, or by leading them to a different decision than they would have made without 
using the rule.316, 644 Alternatively if the decision made by the clinician is the same as the one 
recommended by the rule, this may provide the clinician with additional confidence or 
reassurance in their decision-making.627 A CPR that provides predicted probabilities of disease 
and/or stratifies patients into risk groups may alter clinicians’ decisions via changes to the 
diagnostic accuracy of their clinical judgment (Figure 3.6). Within the context of the 
probabilistic and threshold approaches to clinical reasoning, the predicted probability provided 
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by a CPR may 1) move a clinician’s pre-test probability estimate above the treatment threshold 
probability, in which case a diagnosis can be made and treatment initiated, or in the context of 
AHT, a diagnosis of AHT suspected and a referral to social services made 2) move a clinician’s 
pre-test probability estimate below the test threshold probability, in which case alternative 
diagnoses can be pursued, and AHT is effectively ruled out or 3) move a clinician’s pre-test 
probability to within the intermediate range, in which case further diagnostic testing, such as 
ophthalmology, skeletal survey, or additional investigation, is required.580, 585 Finally, the 
actual process of using the CPR may alter clinical decision-making. By collecting and inputting 
the data required to complete the CPR, a clinician may learn to focus on those clinical features 
that are truly predictive of the condition of interest and to discount other clinical variables that 
are less predictive.618  
Figure 3.6 A clinical prediction rule raises the probability of a diagnosis past the treatment 
threshold probability 
 
 
3.5.5 The ideal clinical prediction rule 
The ideal CPR will demonstrate good concordance between the predicted probabilities 
calculated from the model and the observed patient outcomes, and will accurately 
discriminate between individuals with and without the condition of interest. As previously 
noted, if a CPR aims to influence decision-making, a cut-off threshold must be identified in 
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order to classify patients as low or high risk; after this threshold is applied, sensitivity and 
specificity can be used to measure the performance of the CPR at different thresholds.633, 634 
Ideally a CPR will have both a high sensitivity and a high specificity, and therefore correctly 
identify the majority of patients who truly have the condition, as well as correctly exclude the 
majority of patients who truly do not have the condition (Figure 3.7). However, this scenario 
rarely occurs in clinical practice. More often than not the definition of a threshold is based on 
clinical considerations about the relative consequences of false positive and false negative 
classifications.633, 634 Sensitivity and specificity are inversely proportional, so that as sensitivity 
increases, specificity decreases and vice versa.645 Defining a high cut-off point will result in 
good specificity and few false positives but poor sensitivity and many false negatives. A test 
with a high specificity is useful for ruling in a disease if a person tests positive. This is because it 
rarely misdiagnoses those who do not have the condition of interest. Defining a low cut-off 
point will result in good sensitivity and few false negatives, but poor specificity and many false 
positives. A test with a high sensitivity is useful for ruling out disease if a person tests negative. 
This is because it rarely misdiagnoses those who have the condition of interest.645 Receiver 
operating characteristic (ROC) curves display the sensitivity and specificity of a CPR across the 
full range of cut-off values and can be used to choose an optimal cut-off threshold.646 Other 
approaches to determining clinical cut-offs have also been proposed.647  
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Figure 3.7 Distribution of test results in healthy and sick individuals and the trade-off 
between sensitivity and specificity 
 
Panel A shows little overlap in the distribution of test results in healthy and sick individuals; this 
test discriminates almost perfectly between the two populations. Panel B shows the more likely 
situation where there is considerable overlap in the distribution of test results in the two 
groups; this test has reduced discriminatory ability. By altering the cut-off for a test, the 
sensitivity can be increased at the cost of decreased specificity and vice versa. Adapted with 
permission from BMJ Publishing Group Limited. [Receiver-operating characteristic curve 
analysis in diagnostic, prognostic and predictive biomarker research, Søreide, 62, 2, 2009]646 
3.6 Stages in the development of clinical prediction rules 
Methodological standards for the development of CPRs were originally outlined by 
Wasson and colleagues.636 With the increase in popularity of CPRs inspired by the EBM 
movement, these standards have since been modified and updated by a number of authors 
over the years.292, 293, 301, 633, 648 Guidelines for reporting clinical prediction research have also 
been developed.326 As acknowledged in Chapter 1, there are three main stages in the 
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development of CPRs (Figure 3.8); derivation; validation and refinement; and impact analysis 
to determine their impact on clinician behaviour and patient care.293 Detailed methodological 
guidelines pertaining to each individual stage of development have been published, as each 
stage requires a different methodological approach.294, 295, 300, 649 The three main stages of 
development correspond to increasing hierarchies of evidence (Table 3.5).293, 299, 300 A CPR 
that has been derived but not externally validated corresponds to the lowest level of evidence 
and should not be used in clinical practice. If a CPR has been externally validated in a setting or 
population similar to the one from which it was derived, clinicians can use its predictions 
cautiously in similar future patients. If a CPR has been externally validated in multiple settings 
or populations, clinicians can use its predictions confidently in future patients. If a CPR has 
undergone an impact analysis and demonstrated improved patient care, it can be used as a 
decision rule for the management and treatment of patients. Ideally the impact of a CPR 
should also be tested in multiple settings; impact analysis studies correspond to the highest 
level of evidence.299 Stiell and Wells301 identified a further three important stages in the 
development of a CPR, namely identifying the need for a CPR, which was addressed in 
Chapters 1 and 2, determining the cost-effectiveness of a CPR, and long-term dissemination 
and implementation of a CPR. The following description is focused on methodological aspects 
related to the impact analysis of CPRs, as this is the stage that is relevant to the remainder of 
this thesis. The derivation and validation of PredAHT will be described and critically appraised 
in Chapter 4, alongside other CPRs for identifying AHT. The interested reader is referred to 
Appendix 3 for a comprehensive overview of the methodological stages involved in the 
development and evaluation of CPRs.
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 Figure 3.8 The three main stages in the development of clinical prediction rules 
 
Reproduced from McGinn et al., 2000650 
Table 3.5 Hierarchies of evidence in the development and evaluation of clinical prediction 
rules 
Level of Evidence Definitions and Standards of 
Evaluation 
Implications for Clinicians 
Level 1: Derivation of CPR 
 
Identiﬁcation of predictors 
using multivariable model; 
blinded assessment of 
outcomes. 
Needs validation and further 
evaluation before it is used 
clinically in actual patient 
care. 
 
Level 2: Narrow validation of 
CPR 
 
Validation of CPR when 
tested prospectively in one 
setting; blinded assessment 
of outcomes. 
Needs validation in varied 
settings; may use CPR 
cautiously in patients similar 
to derivation sample. 
Level 3: Broad validation of 
CPR 
 
Validation of CPR in varied 
settings with wide spectrum 
of patients and clinicians. 
Needs impact analysis; may 
use CPR predictions with 
conﬁdence in their accuracy. 
Level 4: Narrow impact 
analysis of CPR used for 
decision-making 
 
Prospective demonstration in 
one setting that use of CPR 
improves clinicians’ decisions 
(quality or cost- effectiveness 
of patient care). 
May use cautiously to inform 
decisions in settings similar 
to that studied. 
 
Level 5: Broad impact 
analysis of CPR used for 
decision-making 
 
Prospective demonstration in 
varied settings that use of 
CPR improves clinicians’ 
decisions for wide spectrum 
of patients. 
May use in varied settings 
with conﬁdence that its use 
will beneﬁt patient care 
quality or effectiveness. 
 
CPR = clinical prediction rule. Adapted from Reilly and Evans, 2006299 
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3.6.1 Impact of a clinical prediction rule on clinical practice  
Since the ultimate aim of a CPR is to improve the quality of patient care, the effect of a 
validated CPR on clinician behaviour and patient outcomes should be examined in what are 
known as impact analysis studies.295, 296 Impact analysis studies clearly differ from validation 
studies as they must be comparative, typically requiring a control group of clinicians providing 
usual care.295, 296, 299 It is possible to assess the impact of both assistive CPRs that simply 
provide predicted probabilities, and directive “decision” rules that suggest a specific course of 
action based on probability categories.299 Assistive CPRs respect clinicians’ individual judgment 
and leave room for intuition, whereas directive rules may be more likely to influence clinician 
behaviour.299, 651, 652 However it is not guaranteed that clinicians will follow the logic of a CPR 
or the recommendations provided by directive rules.299 Therefore an impact study must 
demonstrate that clinical behaviour can be altered and patient care improved by the CPR prior 
to widespread dissemination and implementation.301 As described in Chapter 1, exploratory 
and preparatory work is essential before undertaking a formal experimental impact analysis 
study, to establish whether such a study is feasible, and to determine whether the CPR is 
acceptable to those professionals it is intended for.300, 306 
3.6.1.1 Study design for an impact analysis 
The optimal study design for an impact analysis is a cluster randomised trial with 
centres as clusters.296 Randomising individual patients is not recommended as clinicians may 
learn the rule and apply it to patients randomised to the control group.296 Randomising 
clinicians is preferable but requires more patients, and may lead to contamination of 
experience between clinicians in the same centre.295, 653 An attractive variant of a cluster 
randomised trial is the stepped-wedge cluster randomised trial. In a stepped-wedge design, all 
centres apply care-as-usual, and then use the CPR at different, randomly allocated time 
periods.654 This design allows for the comparison of outcomes both within and between 
hospitals, generates a wealth of data regarding potential barriers to implementation, and is 
particularly beneficial if the CPR turns out to have a promising effect.655 When the outcome of 
interest in an impact study is clinician behaviour or decision-making, a cross-sectional 
randomised study without patient follow-up is sufficient, with randomisation at either the 
patient or clinician level. However, to determine the impact of a CPR on patient outcomes or 
cost-effectiveness, follow-up of patients is essential.296 Given the significant practical, logistic 
and economic challenges associated with cluster randomised trials, non-randomised 
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approaches are possible and are often used. A popular design is a before–after study, in which 
outcomes are assessed in a time period before a CPR is available and compared with outcomes 
measured in a time period after it is introduced; this design is susceptible to temporal 
confounding.295 Finally, a relatively low-cost and simple design is a before–after study within 
the same clinicians. In this design, clinicians are asked to indicate their treatment or 
management decision or perceived risk of disease for the same patient both before and after 
receiving the CPR prediction.295 This is the study design used in the feasibility study reported in 
Chapter 7.  
3.6.1.2 Measures of impact of a clinical prediction rule 
During an impact analysis study the sensitivity and specificity of the CPR should be 
recalculated to determine its accuracy in the new study population.301 However, measures of 
CPR accuracy are not synonymous with measures of impact and only represent the potential 
impact of the CPR.299 This is because clinicians are unlikely to follow the logic of the CPR or its 
recommendations in every case; they may not use the CPR at all, they may not use it correctly, 
they may deliberately disregard its predictions or suggestions, or they may be unable to use it 
for other reasons.299 Measures of impact of a CPR include safety and efficiency. Safety is 
defined as the proportion of patients found to have the outcome of interest who received the 
appropriate intervention, while conversely efficiency is defined as the proportion of patients 
not found to have the outcome of interest who did not receive the intervention. The sensitivity 
and specificity of a CPR will only be the same as its safety and efficiency if clinicians follow the 
logic and recommendations of the CPR exactly.299 Therefore, in an impact analysis study a CPR 
may demonstrate greater or less actual impact than its potential impact. The effect of 
clinicians’ incorrect use of the CPR or their deviations from its logic or suggestions can provide 
important insights into its impact under specific circumstances and may reveal complex 
interactions between clinicians and the CPR.299 For example, Reilly et al.656 found that when 
clinicians did not consult a CPR for suspected acute cardiac ischemia at all or overruled its 
recommendations, their decisions were less efficient than if they had followed the CPR in 
every case. Although it was not possible to calculate the safety and efficiency of PredAHT 
following the feasibility study reported in Chapter 7, qualitative interview data enabled an in-
depth exploration of the reasons why PredAHT did or did not influence clinicians’ decision-
making in specific cases. 
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3.6.1.3 Acceptability of the clinical prediction rule 
If the use of a CPR is warranted but it is not used, the considerable time, money and 
effort that go into its development and evaluation is wasted. Assessing the acceptability of a 
CPR, its ease of use, and barriers to its uptake is therefore crucial for successful 
implementation.296 Even valid and reliable CPRs may not be accepted or used by clinicians.301 
An in-depth qualitative study exploring the acceptability of PredAHT with a range of CP 
professionals is reported in Chapter 5.  
3.6.1.3.1 Barriers and facilitators to the use of clinical prediction rules  
Clearly, identifying the barriers and facilitators to the implementation of CPRs is 
crucial for the development of targeted implementation strategies that may encourage 
clinicians to use the CPR. The adoption of CPRs into clinical practice is influenced by a number 
of different factors including clinician characteristics, patient factors, features of the CPR itself 
and environmental factors.299, 657-673 Table 3.6 provides an overview of the barriers to the 
adoption of CPRs identified in the literature, grouped according to their effect on clinician 
knowledge, attitudes or behaviours.674 Barriers relating to knowledge include lack of 
awareness of the CPR or the burden of the clinical problem it applies to, unfamiliarity with the 
CPR, and a lack of understanding of the purpose of CPRs in general.663, 671-673 Clinicians may 
also be unaware of a CPR due to the increasing volume of research studies about CPRs and the 
high number of CPRs that are sometimes developed for the same condition.664, 675 Common 
barriers relating to clinician attitude include a conviction that clinical judgment is superior to 
the CPR and distrust of the accuracy of the CPR.299, 657, 662, 663, 669, 671 Barriers relating to 
behaviour include organizational factors,668 the complexity of the CPR and the time it takes to 
apply the CPR; survey studies suggest that clinicians much prefer a CPR that is simple to use 
and remember and saves time.659, 660, 667 Other studies have demonstrated that clinicians will 
be unlikely to use a CPR if there are predictors missing which are deemed to be important, or if 
the predictor variables are not logically related to the outcome variable.299, 673 Barriers and 
facilitators to the use of PredAHT are explored in the qualitative study reported in Chapter 5.
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Table 3.6 Barriers to the use of clinical prediction rules in practice identified in the literature 
Theme Subtheme Barrier 
Knowledge Awareness  Unaware: 
 That CPR exists 
 Of clinical problem or burden of clinical 
problem to which CPR applies 
Unable to choose from multiple CPRs  
 Familiarity Unfamiliar with CPR 
 Understanding  Lack of knowledge and understanding of the purpose, 
development and application of CPRs in general 
 Forgetting Clinician forgets to use CPR despite best intentions 
Attitudes  Negative 
beliefs about 
CPRs  
Belief that: 
 CPRs threaten autonomy 
 CPRs are too ‘cook-book’, and oversimplify the 
clinical assessment process 
 Clinical judgment is superior to CPRs 
 Clinical judgment is not error prone  
 Use of CPRs causes intellectual laziness 
 The development of the CPR was biased  
 Patients will deem clinicians less capable if using a 
CPR  
 CPRs only apply to the less experienced  
 Probabilities are not helpful for decision-making 
Dislike of the term ‘rule’ 
Clinician had a false negative result when using a CPR in the 
past 
Existing CPRs are not ready for clinical application 
 Outcome 
expectancy 
Belief that: 
 CPRs will not lead to improved patient or process 
outcomes 
 The information provided by the CPR is not 
sufficient to alter clinical decisions 
Clinician: 
 Fears unintended consequences of use 
 Is uncertain about using the CPR in patients with 
an atypical presentation  
 Worries that improving efficiency threatens 
patient safety 
 Self-efficacy Belief that the CPR is too difficult to use 
Clinician uncertain how to interpret or use CPR output 
 Motivation Clinician lacks motivation to use the CPR 
Behaviour  Patient factors Patients expectations are not consistent with the CPR 
 Features of the 
CPR 
Clinician: 
 Finds CPR too complicated  
 Finds CPR ‘too much trouble’ to apply 
Perception that: 
 The CPR is not an efficient use of time  
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 the CPR does not have face validity or that 
important predictors are missing 
 the CPR does not fit in with usual work flow or 
approach to decision-making 
 the CPR is not generalizable to the clinician’s 
patient 
 the CPR is static and does not consider the 
dynamic nature of clinical practice 
 overruling the CPR is often justified 
Data required for the CPR is difficult to obtain 
 Environmental 
factors  
Lack of: 
 Time 
 Organisational support 
 Peer support for use 
Perceived increased risk of litigation  
Insufficient incentives or reimbursement for use of the CPR 
Adapted from Haskins et al., 2014669 
3.6.1.4 Comparison of a clinical prediction rule with unstructured clinical judgment 
For a CPR to improve the diagnostic accuracy of clinicians, its performance in 
distinguishing between patients with and without the condition of interest should be superior 
to that of unstructured clinical judgment alone. Therefore a vital metric is the comparison of 
the accuracy of the CPR predicted probabilities of disease or recommended decisions with the 
accuracy of clinicians’ own estimated disease probabilities or management decisions.648 The 
sensitivity and specificity of clinicians’ predictions or decisions are generally measured under 
usual practice and compared to the sensitivity and specificity of the CPR predictions or 
decisions when applied to the same patients.676, 677 Some studies have used clinical 
vignettes678 while others have used multivariable logistic models to assess the added value of 
a CPR over and above clinical judgment alone.679 Understanding the performance of a CPR in 
contrast to clinician judgment may aid clinicians’ acceptability of the CPR.299 Although 
comparison of a CPR to clinician suspicion regularly takes place at the impact analysis stage, 
some researchers have recommended that this is carried out during the derivation or 
validation stages.680 In addition, Finnerty et al.681 recommend that comparison is undertaken 
in multiple settings, as the performance of a CPR may be superior to clinical judgment in 
certain settings but inferior or no different in other settings. A comparison of PredAHT with 
clinical judgment is reported in Chapter 7.  
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3.7 Tools for the identification of child physical abuse 
Tools developed to assist in the identification of child physical abuse broadly fall into 
three categories: 1) generic screening tools based on checklists, flowcharts, educational 
interventions or multidisciplinary collaborative efforts, aimed at screening all children 
presenting with trauma or injury, usually to an ED 2) clinical prediction or decision rules, 
usually injury-specific and using statistical methods to predict the probability that abuse has 
occurred 3) actuarial risk assessment instruments for use in CP developed for predicting one or 
more types of maltreatment in the near future or the risk of recurrence of maltreatment. The 
discussion of actuarial risk assessment tools for the prediction of future or recurrent 
maltreatment is beyond the scope of this thesis; the interested reader is referred to a recent 
and comprehensive meta-analysis assessing the predictive validity of such instruments, which 
were found to outperform clinical instruments in predicting future maltreatment.640 
Many generic screening tools for physical abuse or neglect have been developed over 
the years.682-687 The majority are designed for use in the ED, however tools have also been 
developed for use in primary care.688 Literature reviews and systematic reviews have 
demonstrated that such generic tools are ineffective at identifying maltreatment and that 
formal evaluation of their performance in clinical practice is lacking.689-695 Some authors 
involved in the development of generic screening tools for the detection of physical abuse 
have concluded that injury-specific prediction rules are likely to be more promising in 
accurately identifying abuse.696 Injury-specific CPRs have been developed for bruising,697, 698 
fractures,387 and burns699 as well as AHT.  
3.7.1 Clinical prediction rules for identifying abusive head trauma 
There are a number of points along the clinical pathway for infants and young children 
with head injury and suspected AHT where a CPR could be applied: to determine which 
children should undergo neuroimaging in the first instance,700, 701 to assist in determining 
which children do not require further work-up and therefore to exclude abuse when the 
results of the CPR are negative,351, 702 or to assist in determining the likelihood of abuse at 
different points in the clinical pathway based on specific clinical and/or radiological 
information.59, 60, 467, 703 A CPR has also been used to predict outcomes in children hospitalized 
with confirmed AHT.704 Four CPRs to assist in the identification of AHT have been derived and 
externally validated: the Pediatric Brain Injury Research Network (PediBIRN) four-variable 
CPR,351, 702, 705 the Pittsburgh Infant Brain Injury Score (PIBIS),701 the Biomarkers for Infant 
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Brain Injury Score (BIBIS),700 and PredAHT.59, 60 PredAHT is the main focus of this thesis. 
Therefore, its derivation, validation, and development into a computerised tool will be fully 
described in Chapter 4. A critical evaluation of the strengths and limitations of each of the four 
CPRs will also be presented in Chapter 4, in addition to a systematic review of CPRs for AHT 
conducted in collaboration with colleagues from Australia.706  
3.8 Discussion 
The review of clinical decision-making theories presented in the current chapter has 
demonstrated that clinicians use a range of strategies as part of the diagnostic reasoning 
process. The current prevailing model of clinical-decision making, dual process theory, 
suggests that pattern recognition, hypothetico-deductive, and probabilistic approaches are all 
used and that decision-making operates in two interactive information processing systems that 
are represented on a cognitive continuum.544, 591-593, 596 When considering a diagnosis of AHT, 
clinicians must synthesize elements of their clinical experience and the scientific literature, and 
apply this knowledge to individual patients to establish injury plausibility.53, 508, 621 Clinicians 
develop causal hypotheses for a child’s injuries and utilize the differential diagnosis 
methodology to systematically eliminate and validate these hypotheses.508 The inferential and 
deductive reasoning process is in some aspects Bayesian, and some aspects not; that is, when 
eliminating certain conditions from their list of differentials, clinicians do not, and indeed need 
not, always statistically quantify the singular or cumulative probabilities of various diagnostic 
features in the diagnostic process.508 Narang et al.508 emphasize that the use of some non-
Bayesian approaches to the diagnosis of AHT does not imply unreliability, as such methods are 
rooted in an understanding of the pathophysiological processes of disease in children. 
However, they go on to state that “there are many aspects of the AHT/SBS differential 
diagnosis methodology that are conducive to Bayesian analysis” (p. 318). For example, 
clinicians can combine their knowledge of the discriminatory power of clinical and historical 
findings, diagnostic tests or CPRs from the published literature with the prevalence of AHT in 
their clinical setting, to estimate post-test probabilities of AHT.508, 697, 707, 708 In practice 
however, clinicians are required to weight a complex composite of clinical variables which is 
hopelessly complicated in the absence of a CPR.617, 619 In addition, even when a CPR is used, 
cognitive errors can occur when combining the CPR with a prior probability to produce a 
posterior probability.577, 581, 616 Flaws in the application of both heuristics and probabilistic 
reasoning strongly raise the case for some type of decision support.617 Indeed, experts in 
clinical decision-making have highlighted that “we need studies of conditional independence in 
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clinical data, clinical prediction rules, and convenient methods (e.g. microcomputers or 
programmable calculators) to perform Bayesian calculations in clinical settings”.709(p.110)  
CPRs represent an ideal strategy for overcoming cognitive errors in clinical diagnostic 
reasoning when refining diagnostic hypotheses.569 However, “ultimately the differential 
diagnosis methodology is a marriage of evidence-based literature and experience; a symbiosis 
of inferential and deductive reasoning; a synergy of linear and non-linear dynamic 
thought”.508(p.321) It is important to bear in mind that the probabilistic approach is not the only 
approach to decision-making in suspected AHT, and therefore, it follows that some clinicians 
may not find a CPR useful in their decision-making. Research has highlighted a number of 
barriers to the use of CPRs in practice. In addition, due to the phenomenon of dysrationalia 
described in section 3.4.6, clinicians may ignore well-developed, validated CPRs even if they 
are known to outperform them.602  
3.9 Conclusion and implications for this thesis 
This chapter reviewed the literature on clinical decision-making theories relevant to the 
diagnosis of AHT, and the logic underlying the utility of CPRs for improving clinical decision-
making and the identification of AHT. The findings from this review highlight that clinicians use 
a range of decision-making strategies when considering a diagnosis of AHT, including Bayesian 
reasoning, but nevertheless, diagnostic decision-making in AHT is susceptible to a multitude of 
cognitive and affective biases arising from both “intuitive” and “analytical” reasoning, 
emphasizing the need for decision support. In addition, aspects of the diagnostic process in 
suspected AHT cases are clearly conducive to Bayesian reasoning; taken together, this suggests 
that CPRs, which by nature are based on Bayesian reasoning, represent an ideal approach to 
aid clinicians in the identification of AHT. This scoping review was conducted in line with phase 
one of the MRC framework for the development and evaluation of complex interventions,322, 
323 as it has identified relevant theories to advance the theoretical understanding of the likely 
process of change that may be effected by introducing PredAHT into clinical practice. The 
clinical decision-making theories presented in the current chapter, and the information 
regarding the mechanisms by which CPRs may improve clinical diagnostic decision-making, will 
be used to guide the development of the computerised PredAHT reported in Chapter 4, and to 
help interpret the findings of qualitative interviews conducted with clinicians regarding the 
factors influencing their decision-making in suspected AHT cases, the acceptability of PredAHT, 
and the reasons why PredAHT did or did not influence their decision-making in specific cases, 
reported in Chapters 5 and 7. 
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4 Development of the Predicting Abusive Head Trauma 
(PredAHT) clinical prediction tool 
Parts of this chapter have been presented in the following articles related to this thesis:  
1. Cowley LE, Morris CB, Maguire SA, Farewell DM & Kemp AM (2015). Validation of a 
 clinical prediction tool for abusive head trauma. Pediatrics, 136(2): 291-298. 
2. Pfeiffer H, Crowe L, Kemp AM, Cowley LE, Smith AS, & Babl FE, on behalf of the 
 Paediatric Research in Emergency Departments International Collaborative 
 (PREDICT) (2018). Clinical prediction rules for abusive head trauma: A 
 systematic review. Archives of Disease in Childhood, 103(8): 776-783. 
3. Pfeiffer H, Cowley LE, Kemp AM, Dalziel SR, Smith A, Cheek JA, Borland ML, et al. 
 (2019). Validation of the PredAHT prediction tool for abusive head trauma. 
 Manuscript submitted to Archives of Disease in Childhood. 
4. Cowley LE, Farewell DM, Maguire S, & Kemp AM (2019). Methodological standards for 
 the development and evaluation of clinical prediction rules: A review of the 
 literature. BMC Diagnostic & Prognostic Research, In Press. 
4.1 Chapter overview 
This chapter reports the systematic process used to create the computerised PredAHT 
clinical prediction tool, and a critical appraisal of PredAHT against other CPRs for the 
identification of AHT. The development of the computerised PredAHT adhered to the MRC 
framework for the development and evaluation of complex interventions, and methodological 
guidelines for the development of CPRs.301, 322, 323 This chapter first describes the previous 
derivation of the PredAHT regression model following a systematic review of the clinical 
features associated with AHT and nAHT, and the subsequent external validation of PredAHT on 
novel data. Next, PredAHT is compared with three other CPRs developed to assist in the 
identification of AHT. A systematic review of validated CPRs for AHT is described, undertaken 
in collaboration with colleagues in Australia,706 and the four CPRs for AHT are critically 
appraised. Then, the development of the computerised PredAHT is presented, informed in part 
by findings from Chapter 3. This was an iterative process, with the final version informed by 
the findings of the empirical studies reported in subsequent chapters. Finally, the 
computerised PredAHT is externally validated in an Australian/New Zealand population. The 
development of PredAHT is discussed in terms of methodological considerations, its validity 
and level of evidence, and its strengths and limitations. 
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4.2 Introduction  
As discussed in Chapter 1, the MRC framework for the development and evaluation of 
complex interventions suggests that complex interventions should be developed and 
evaluated in an iterative manner, following identification of the evidence-base and relevant 
theories related to the intervention.322, 323 Chapters 1 and 2 reviewed the literature on the 
identification of AHT, determining that identifying AHT is challenging for clinicians and that 
there is a need for a CPR in this field, to help prevent missed cases and help clinicians to 
overcome biases and practice disparities in their evaluation of children with ICI where AHT 
may be suspected. Chapter 3 reviewed clinical diagnostic decision-making theories, models 
and approaches relevant to the diagnosis of AHT, and reviewed the literature regarding the 
logic underpinning CPRs, in order to gain a theoretical understanding of clinical decision-
making in suspected AHT cases and the mechanisms by which CPRs may improve clinical 
decision-making, and to identify potential features of a computerised tool that might best 
support clinicians in their decision-making. Another useful method of identifying the existing 
evidence-base for an intervention is to conduct a systematic review to identify similar 
interventions and what is already known about them.322, 323 Therefore the current chapter 
describes a systematic review,706 comparison, and critical appraisal of validated CPRs to assist 
in the identification of AHT.  
In addition, as discussed in Chapter 3, guidelines for the development of CPRs 
recommend a systematic, multiphase process involving three main distinct stages: derivation, 
validation, and impact analysis.293, 299, 301 PredAHT was derived following a systematic review to 
identify key candidate predictor variables,24 and a pooled analysis of individual patient data,59 
and was externally validated on an independent dataset.60 In order to facilitate the use of 
PredAHT in clinical practice at the bedside, and enable efficient evaluation of PredAHT in the 
empirical studies reported in subsequent chapters, a computerised version was created. This 
chapter aims to describe the previous derivation and validation of PredAHT, compare it with 
other CPRs for AHT, and describe its development into a computerised tool.  
4.2.1 Aims of this chapter  
1. To describe the previous derivation of the PredAHT regression model and its 
subsequent external validation 
2. To describe a systematic review of validated CPRs for AHT conducted in 
collaboration with Australian colleagues, and present a critical appraisal of the four 
validated CPRs for AHT 
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3. To report the development of the computerised PredAHT, and its external 
validation in an Australian/New Zealand population 
4.3 Derivation of the Predicting Abusive Head Trauma clinical prediction tool 
The first stage in the development of a CPR is the derivation of the rule. This involves an 
examination of the ability of multiple potential variables from the clinical findings, history, or 
investigation results to predict the target outcome of interest.292, 293 Predicted probabilities 
are derived from the statistical analysis of patients with known outcomes, and the outcome of 
interest serves as the reference standard by which the performance of the CPR is assessed. 
Often, relevant predictor variables are chosen based on a systematic review of the literature. 
Predictor variables for PredAHT were selected based on a systematic review of the clinical 
features associated with AHT and nAHT, described below. 
4.3.1 Systematic review of the clinical features associated with abusive and non-abusive 
head trauma (Maguire et al., 2009)24 
As detailed in Chapter 2, numerous studies have assessed the diagnostic value of 
individual features in distinguishing between children with AHT and nAHT. A systematic review 
of the scientific literature conducted by Maguire et al.24 set out to identify the clinical features 
that are indicative of AHT and nAHT in children with ICI. Fourteen high quality comparative 
studies were included in the review. These studies included data on 1655 children, 779 of 
whom were victims of AHT. The items reported in each of the 14 primary studies allowed for 
an analysis of the following seven clinical features: apnoea, RH, rib fractures, seizures, long-
bone fractures, skull fractures, and bruising to the head and/or neck. A multilevel logistic 
regression analysis derived ORs, their 97.5% confidence intervals and significance values for 
each feature in discriminating between AHT and nAHT, as well as PPVs and their 97.5% 
confidence intervals for each feature, that is, the predicted probability of AHT given that the 
feature is present in a child with ICI (Table 4.1). Apnoea and RH were statistically significantly 
associated with AHT and were the features most predictive of AHT. Rib fractures, seizures and 
long-bone fractures were more associated with AHT than nAHT, however these associations 
did not reach statistical significance. Skull fractures and head/neck bruising were more 
associated with nAHT than AHT although again not significantly so.
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Table 4.1 Clinical features associated with abusive and non-abusive head trauma 
Clinical Feature PPV  (97.5% CI) OR  (97.5% CI) p value 
Apnoea 93%  (73.3%–98.6%) 17.062  (5.018–58.011)       p<0.001 
Retinal haemorrhage 71%  (48.3%–86.8%) 3.504 (1.088–11.280)    p=0.03 
Rib fractures 73%  (5.00%–88.2%) 3.027  (0.716–12.799)      p=0.13 
Seizures 66%  (45.4%–82.1%) 2.924  (0.731–11.694)    p=0.13 
Long-bone fractures 59%  (48.0%–69.0%) 1.722  (0.824–3.601)   p=0.14 
Skull fractures 44%  (22.3%–67.8%) 0.852  (0.316–2.301)   p>0.2 
Head/neck bruising 37%  (3.50%–90.6%) 0.811  (0.070–9.410)    p>0.2 
 
Data from Maguire et al. (2009).24 Light grey features were significantly associated with AHT. 
Medium grey features were more associated with AHT than nAHT but not significantly so. Dark 
grey features were more associated with nAHT than AHT but not significantly so. PPV = positive 
predictive value, CI = confidence interval, OR = odds ratio 
 
This systematic review showed that apnoea, RH and rib fractures have a high PPV and 
OR for AHT, and identified key features that should be recorded in suspected AHT cases. 
However, as described in Chapter 3, the diagnostic process in clinical practice is inherently 
multivariable, and the diagnostic work-up is inherently hierarchical, proceeding in a sequential 
fashion.553-556 While knowledge of the individual clinical features associated with AHT and 
nAHT is useful, in reality children with head trauma may present with different combinations 
of multiple features which will become apparent to clinicians following appropriate clinical 
assessment and further investigation.710 In a clinical scenario, the diagnosis of AHT is therefore 
based on the integration and interpretation of the combined features. Several single-centre 
studies have explored the association of combinations of features with AHT.86, 711, 712 
However, these studies analysed different features, and due to the rarity of AHT in any given 
population,147 single-centre studies often do not have enough power for researchers or 
clinicians to make statistically conclusive or clinically meaningful inferences for multiple 
combinations of features. Therefore, Maguire et al.59 derived PredAHT to assist in determining 
the probability of AHT in children less than three years of age with ICI, based on combinations 
of six clinical features.  
4.3.2 Derivation study (Maguire et al., 2011)59 
Maguire et al.59 obtained anonymised individual patient data on 1053 children (348 of 
whom had AHT), from the authors of six comparative studies included in their earlier 
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systematic review.24 These data were used to conduct a pooled analysis and construct a 
multivariable logistic regression model which can be used to estimate the probability of AHT in 
children with ICI and different combinations of clinical features.59 ICI was defined as “any 
combination of SDH, SAH, EDH, intraparenchymal injury, cerebral contusion, DAI, hypoxic 
ischemic injury and/or associated cerebral oedema” while children with isolated skull fracture 
but no ICI were excluded.59(p.e551) AHT was defined as ICI where abuse had been confirmed as 
the cause. Confirmed cases of AHT included only those ranked 1 or 2 for abuse according to 
Maguire and colleagues’ “ranking of abuse” criteria (Table 4.2). This was to minimise circular 
reasoning, the risk that AHT was diagnosed based solely on the presence of the clinical 
features recorded. 
Table 4.2 Quality standards for confirmation of abusive injury, only studies ranked 1 or 2 
included 
Ranking Criteria used to define abuse  
1 Abuse confirmed at case conference or civil, family, or criminal court proceedings, 
or admitted by perpetrator or independently witnessed 
2 Abuse confirmed by stated criteria, including multidisciplinary assessment 
3 Diagnosis of abuse defined by stated criteria 
4 Abuse stated as occurring, but no supporting detail given as to how it was 
determined 
5 Abuse stated simply as “suspected”, no details on whether it was confirmed 
 
Reproduced with permission from Pediatrics, Vol. 136, Page 292, Copyright © 2015 by the 
American Academy of Pediatrics 
4.3.2.1 Model development 
 Statistical analysis 
Logistic regression models are one way to predict binary events such as the 
presence or absence of a condition or outcome, like AHT. Such models estimate regression 
coefficients (e.g. log odds ratios) of each predictor. Regression coefficients are mutually 
adjusted for the other predictors, and thus represent the contribution of each predictor to the 
probability of the outcome.294 As PredAHT includes only binary categorical predictors, the 
probability of AHT is computed for a patient by multiplying the regression coefficients 
corresponding to the predictors by 0 or 1, depending on whether the predictors are absent (0) 
or present (1); the resulting values are then summed, along with the model intercept, to give a 
linear predictor value.294, 636 Exponentiating this linear predictor value gives the odds, and so 
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the probability (absolute risk) is calculated by use of the inverse logistic link function,713 as 
defined by: 
 exp(𝑋β) /(1 − exp(𝑋β)) (1) 
where Xβ is the linear predictor value. As such, the probability of AHT can be estimated from 
any combination of the predictors.326 In the PredAHT derivation study, multilevel logistic 
regression was used, to account for the different populations and prevalence’s of AHT in each 
of the six primary studies. With six predictors included in the model, the number of possible 
combinations totals 64. 
 Missing data strategy 
In clinical research, investigators almost always encounter missing observations, 
even in carefully designed studies and in spite of their best efforts to maximize data quality.714 
There are three types of missing-data mechanisms: 1) Missing completely at random (MCAR) 
2) Missing at random (MAR), and 3) Missing not at random (MNAR).715 When data are MCAR 
this means that there are no systematic differences between the missing and observed values; 
for example, laboratory tests may be missing because of a dropped test tube or broken 
equipment. When data are MAR this means that the probability of a missing value depends on 
the observed values of other variables (but not the unobserved values); for example, missing 
blood pressure measurements may be lower than observed measurements because younger 
people may be more likely to have missing measurements; in this case data can be said to be 
MAR given age.716 When data are MNAR this means that the probability of a missing value 
depends on the unobserved values or other unobserved predictors; for example, people with 
high blood pressure may be more likely to miss a doctor’s appointment due to headaches.716 
Missing values are rarely MCAR, that is, their “missingness” is usually directly or indirectly 
related to other subject or disease characteristics, including the outcome.294, 297 Missing data 
is frequently addressed with case-wise deletion, which excludes all participants with missing 
values from the analysis.716 However, when data are plausibly MAR, this reduces sample size 
and statistical power and biases the results,716 leading to inaccurate estimates of predictor-
outcome relationships and the predictive performance of the model, since the participants 
with complete data are not a random subsample of the original sample.715, 717, 718   
Alternatively, missing values can be replaced with imputed values, based on the 
distribution of the observed data.718 Multiple imputation is recommended over single 
imputation, as single imputation fails to account for uncertainty about the missing values and 
 
 
96 
 
thus underestimates standard errors.716, 718, 719 Multiple imputation quantifies the uncertainty 
in the imputed values by generating multiple different plausible imputed datasets, and pooling 
the results obtained from each of them.716, 719 Multiple imputation involves three stages.716, 
719-722 First, multiple imputed datasets are created, based on the researcher’s chosen 
imputation strategy. This is arguably the most challenging stage, as the researcher must model 
the relationship between the observed and missing components of the dataset.723 Parametric 
models are often chosen to represent these relationships, such as a multivariate normal 
model, or an approach known as multiple imputation by chained equations (MICE), which 
formally models each missing variable through regressions on all other variables.721, 722, 724 
Alternatively, a non-parametric strategy can be used, such as hot-deck imputation,715, 723, 725 
which involves replacing missing values with observed values of similar participants.726 This 
first stage accounts for uncertainty in estimating the missing values by adding variability into 
the values across the imputed datasets. In the second stage, standard statistical techniques are 
used to fit the models that are of interest in the substantive analysis to each of the imputed 
datasets. Estimated associations in each of the imputed datasets will be different, due to the 
variability introduced in stage 1. In the final stage, the multiple results are averaged together, 
and standard errors are calculated using Rubin’s combination rules,719 which account for both 
within- and between-imputation variability and the number of imputed datasets, and 
therefore the uncertainty of the imputed values (Figure 4.1). 
In the derivation study, missing data were handled with a bespoke hot-deck 
multiple imputation strategy informed by inspection of the raw data, under the assumption 
that data were MAR.59 Missing values were replaced with a random draw from children who 
were matched to the child with missing data with respect to their observed clinical features. 
Ten imputed datasets were generated for analysis. A multilevel logistic regression model was 
fitted to each of the imputed datasets, and the results were combined according to the 
established procedures described above. An attractive feature of hot-deck imputation is that 
since the imputed values are derived from observed responses in the dataset, unrealistic 
values cannot be imputed.725, 726
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Figure 4.1 The three stages involved in multiple imputation, portraying three multiply 
imputed datasets 
 
In stage 1, multiple imputed datasets are created by drawing plausible values from a 
distribution specifically modelled for each missing value. In stage 2 each imputed dataset is 
analysed using standard statistical techniques. In stage 3 the results are pooled, enabling 
calculation of a corrected standard error. Figure adapted from van Buuren & Groothuis-
Oudshoorn (2011).721  
 Modelling strategy  
Candidate predictors for inclusion in the multivariable model consisted of the seven 
clinical features identified in the systematic review,24 listed in Table 4.1, as well as age and 
gender. During multivariable modelling, predictors were selected by one-step backward 
elimination; predictors that were nonsignificant at the 5% level, namely age, gender, and skull 
fractures, were dropped from the model. The regression coefficients of the final model and 
their associated 95% CIs are presented in Table 4.3. Figure 4.2 shows a graphical 
representation of the coefficients. Definitions of the six clinical features included in the final 
model are given in Table 4.4.
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Table 4.3 Logistic regression coefficients of the final multivariable model 
 Regression  
Coefficient  
Lower  
95% CI 
Upper 
95% CI 
OR Lower  
95% CI 
Upper  
95% CI 
p 
value 
Intercept -3.213 -4.358 -2.067 0.040 0.013 0.127 <0.001 
Rib fractures 3.800 2.036 5.565 44.720 7.659 261.098 <0.001 
Retinal haemorrhage 3.519 2.882 4.157 33.764 17.855 63.848 <0.001 
Long bone fractures 2.621 1.235 4.006 13.747 3.440 54.937 <0.001 
Apnoea 1.931 0.732 3.129 6.893 2.079 22.858   0.001 
Seizures 1.624 0.695 2.553 5.072 2.003 12.843   0.001 
Head/neck bruising 1.451 0.072 2.830 4.268 1.075 16.951   0.038 
 
Data from Maguire et al. (2011).59 CI = confidence interval, OR = odds ratio 
 
Figure 4.2 Graphical representation of the logistic regression coefficients of the final 
multivariable model 
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Table 4.4 The six clinical features included in the Predicting Abusive Head Trauma clinical prediction tool 
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Feature Description 
Head or neck bruising Any documented bruising to head or neck 
Seizures Any documented seizures from a single seizure to status epilepticus 
Apnoea Any apnoea documented in the initial history or during inpatient stay 
Rib fracture Any rib fracture documented after appropriate radiologic imaging 
Long-bone fracture Any long-bone fracture documented after appropriate radiologic imaging 
Retinal haemorrhage Any retinal haemorrhage documented after indirect ophthalmologic 
examination by a paediatric ophthalmologist 
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4.3.2.2 Model predictions 
In order to compute the probabilities for each of the 64 different combinations of 
features included in the model, firstly the linear predictor values (Xβ) were calculated, as 
described in section 4.3.2.1.1. The formula appropriate for the calculation of linear predictor 
values for this model is:  
Xβ = β0 + β1X1 + β2X2 + β3X3 + β4X4 +β5X5 + β6X6, 
where Xβ is the linear predictor value, β0 is the intercept, Xi are the individual predictors and 
the βi values are the model coefficients:  
Xβ = β0 + Rib fractures(1/0) + Retinal haemorrhage(1/0) + Long bone fractures(1/0)  + 
Apnoea(1/0) + Seizures(1/0) + Head/neck bruising(1/0)  
Xβ = -3.213 + 3.800(1/0) + 3.519(1/0) + 2.621(1/0) + 1.931(1/0) + 1.624(1/0) 
 + 1.451(1/0)  
Once the linear predictor values for each combination of features were computed, 
probabilities between 0 and 1 were calculated using the inverse logistic link function given in 
Equation (1), section 4.3.2.1.1. When there are no predictors present, the terms of the linear 
predictor consist solely of the intercept. The value for each of the predictors will be 0; when 
each of these is multiplied by its relevant coefficient the value of 0 is retained.713 To illustrate, 
in a child with ICI but none of the other six features present, the calculation is: 
-3.213 + 3.800 x 0 + 3.519 x 0 + 2.621 x 0 + 1.931 x 0 + 1.624 x 0 + 1.451 x 0 = -3.213 
exp(-3.213)/(1+exp(-3.213)) = 0.04023572/1.040236 = 0.039 
0.039 x 100 = 3.9% 
Similarly, when there is only a single predictor present the terms of the linear predictor consist 
of the intercept plus one coefficient value, since the coefficient of the predictor that is present 
is multiplied by one. In a child with ICI plus rib fractures but with none of the other five 
features present, the calculation is: 
-3.213 + 3.800 x 1 + 3.519 x 0 + 2.621 x 0 + 1.931 x 0 + 1.624 x 0 + 1.451 x 0 = 0.587 
exp(0.587)/(1+exp(0.587)) = 1.798585/2.798585 = 0.642 
0.642 x 100 = 64.2% 
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When more than one predictor is present the coefficients of the predictors that are present 
are simply added together with the intercept. In a child with ICI plus rib fractures and long-
bone fractures but with none of the other four features present the calculation is: 
-3.213 + 3.800 x 1 + 3.519 x 0 + 2.621 x 1 + 1.931 x 0 + 1.624 x 0 + 1.451 x 0 = 3.208 
exp(3.208)/(1+exp(3.208)) = 24.72958/25.72958 = 0.961 
0.961 x 100 = 96.1% 
Exponentiating the regression coefficient for each individual predictor gives the odds 
ratio for the feature being present. Since all included predictors are main effects, the 
assumption is that the effects of all predictors are additive on the log odds scale, implying 
multiplicative effects on the original odds scale.727 For example, the odds ratio for AHT in a 
child with head/neck bruising and apnoea is simply 4.268 x 6.893 = 29.4 (see Table 4.3 for odds 
ratios for individual features). The additivity assumption means that the effect of each 
predictor does not depend on the values of the other predictors.326 In a child with ICI plus one 
or two of the six clinical features, the estimated probability of AHT varied depending on the 
possible combinations (Table 4.5) and (Table 4.6). In a child with ICI and any combination of 
three or more of the six clinical features, the estimated probability of AHT was always greater 
than 85%.59 The estimated probabilities for the 64 different combinations of features are 
displayed in Figure 4.3. Odds ratios are displayed in Figure 4.4. 
 
Table 4.5 Estimated probabilities of abusive head trauma in children less than three years of 
age with intracranial injury plus one clinical feature present 
 
Feature Probability of AHT 
Head/neck bruising 14.7% 
Seizure 17.0% 
Apnoea 21.7% 
Long bone fracture 35.6% 
Retinal haemorrhage 57.6% 
Rib fracture 64.3% 
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Table 4.6 Estimated probabilities of abusive head trauma in children less than three years of 
age with intracranial injury plus two clinical features present 
 
Features Probability of AHT 
Head/neck bruising & seizure 46.6% 
Head/neck bruising & apnoea 54.2% 
Seizure & apnoea 58.5% 
Head/neck bruising & long bone fracture 70.2% 
Seizure & long bone fracture 73.7% 
Apnoea & long bone fracture 79.2% 
Head/neck bruising & retinal haemorrhage 85.3% 
Seizure & retinal haemorrhage 87.3% 
Head/neck bruising & rib fracture 88.5% 
Seizure & rib fracture 90.1% 
Apnoea & retinal haemorrhage 90.4% 
Apnoea & rib fracture 92.5% 
Long bone fracture & retinal haemorrhage 94.9% 
Long bone fracture & rib fracture 96.1% 
Retinal haemorrhage & rib fracture 98.4% 
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Figure 4.3 Estimated probabilities of abusive head trauma in children less than three years of 
age with intracranial injury and combinations of six clinical features 
Reproduced with permission from Pediatrics, Vol. 128, Page e556, Copyright © 2011 by the 
American Academy of Pediatrics 
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Figure 4.4 Odds ratios for abusive head trauma in children less than three years of age with 
intracranial injury and combinations of six clinical features 
Reproduced with permission from Pediatrics, Vol. 128, Page e556, Copyright © 2011 by the 
American Academy of Pediatrics 
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4.3.2.3 Model accuracy 
The accuracy of the model was assessed with five-fold cross-validation (Figure 4.5). 
The dataset was randomly divided into five equal subgroups. The model was then refitted 
using four of the five subgroups and its performance tested using the fifth; this process was 
repeated five times until each of the five subgroups was used as the test data, and an average 
of the estimated performance was taken. This meant that no child was used to both develop 
and test the model.728 Predictions were considered to be correct if the probability of AHT or 
nAHT was greater than 80% and the predicted aetiology was true. Probabilities of less than 
80% were considered as indeterminate. Given this, the model predictions were correct 80% of 
the time, indeterminate 15% of the time, and incorrect 5% of the time.59 
 
Figure 4.5 Illustration of five-fold cross-validation 
 
The dataset was randomly divided into five subgroups. Four of the subgroups were merged 
together to form a training dataset. The fifth subgroup was used as the testing dataset. This 
process was repeated five times. 
4.4 External validation of the Predicting Abusive Head Trauma clinical prediction tool 
(Cowley et al., 2015)60 
It is well known that CPRs perform better in the dataset from which they are derived 
compared to when they are applied to “plausibly related” individuals i.e. those who are 
suspected of having the same condition.295, 324, 729 There is no guarantee that even well-
developed CPRs will be generalisable to new individuals.730 It is therefore essential to assess 
the performance of a CPR in individuals outside the derivation dataset; this process is known 
as external validation.731 External validation involves taking the original fully specified model, 
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with its predictors and regression coefficients as estimated from the derivation study; 
measuring and documenting the predictor and outcome variables in a new patient sample; 
applying the original model to these data to predict the outcome of interest; and quantifying 
the predictive performance of the model by comparing the predictions with the observed 
outcomes.298  
4.4.1 Statistical analysis and missing data strategy 
PredAHT was externally validated on a novel dataset consisting of cases ascertained 
from two centres that were included in the model derivation: Cardiff, Wales (UK) and Lille, 
France.60 The sensitivity, specificity, PPV, and NPV of PredAHT were calculated. Discrimination 
was assessed with the area under the receiver operating characteristic curve (AUROC); 
discrimination reflects the ability of a CPR to discriminate between patients with, and without, 
the outcome of interest.634, 732 The AUROC represents the chance that, given one patient with 
AHT and one without, the CPR will assign a higher predictive probability to the patient with 
AHT compared to the one without. An AUROC of 0.5 indicates predictions that are no better 
than random predictions, and a value of 1 represents perfect discrimination between patients 
with and without AHT.733 As the presence or absence of the six clinical features was not always 
recorded, multiple imputation was required to estimate the probability that an unrecorded 
feature was present.60 This was done using MICE,721 otherwise known as fully conditional 
specification, or sequential regression multivariate imputation.724 As described in section 
4.3.2.1.2, this approach formally models each missing feature using regressions on all other 
variables,721, 722, 724 and depends on the MAR assumption, i.e. that the probability of a missing 
feature depends on the observed values of the other features. 
The MICE procedure is as follows722: given a dataset in which variables x1, ….., xk have 
missing values, all missing values are initially imputed by simple random sampling with 
replacement from the observed values. Then, the first variable to have one or more missing 
values (x1) is regressed on all of the other variables (x2, ….., xk), limited to individuals with 
observed x1. Missing values in x1 are then imputed by simulated draws from the posterior 
predictive distribution of x1. This process is repeated for all other variables with missing values 
x2, …., xk, which are regressed on all of the other variables, including the imputed values of the 
previous variables.722 To stabilise the results, this cycle is repeated several times to produce 
one imputed dataset, and the whole process is repeated until the desired number of imputed 
datasets is created.722 In the validation study,60 missing features were imputed either as 
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absent (0) or present (1), and ten imputed datasets were generated. The values from the ten 
imputed datasets were then averaged, to provide an estimated probability that an unrecorded 
feature was present. Finally, these estimates were combined with knowledge of observed 
features in the regression model to obtain a predicted probability of AHT for each child.60 
Specifically, when calculating the linear predictor value for each child’s combination of 
features, when a feature was unrecorded, the regression coefficient corresponding to the 
unrecorded feature was multiplied by the estimated probability of the feature being present. 
Several alternative statistical imputation strategies were explored in the validation study, and 
MICE was found to be the best available approach.60 
4.4.2 Model accuracy 
Figure 4.6 shows how PredAHT performed based on the predicted probabilities of AHT. 
Taking a probability cut-off of greater than 80% to define predicted AHT, and a probability cut-
off of less than 20% to define predicted nAHT, PredAHT was correct for 82% (109/133) nAHT 
cases and 66% (43/65) AHT cases. Twelve accidental cases were predicted as AHT and 13 cases 
that were abused were predicted as nAHT. The size of the data points in Figure 4.6 reflect the 
number of documented features. Importantly, the cases with a predicted probability of 
between 20% and 80% had fewer recorded features, emphasizing the importance of recording 
the presence or absence of each of the key features included in PredAHT. Performance 
measures of PredAHT are reported in Table 4.7. Using a 50% probability cut-off, the sensitivity 
of PredAHT was 72.3% (95% CI 60.4%–81.7%) and the specificity was 85.7% (95% CI 78.8%–
90.7%). The estimated probability of AHT when three or more of the six features were present 
was 81.5% (95% CI 63.3%–91.8%), consistent with the findings of the derivation study.59 The 
AUROC was 0.88 (95% CI 0.823–0.926). The ROC curve (Figure 4.7) displays the sensitivity and 
specificity of PredAHT given different probability cut-off values. The ROC curves corresponding 
to the 95% confidence limits for the AUROC are also displayed. 
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Table 4.7 Performance of the Predicting Abusive Head Trauma clinical prediction tool in the 
validation dataset 
Applying PredAHT 
50% cut-off 
Outcome 
AHT nAHT 
Higher risk  47 19 
Lower risk 18 114 
 Value 95% CI 
Sensitivity 72.3% 60.4%–81.7% 
Specificity  85.7% 78.8%–90.7% 
Positive predictive value 71.2% 59.4%–80.7% 
Negative predictive value 86.3% 79.5%–91.2% 
Data from Cowley et al. (2015)60 
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Figure 4.6 Predicted probability of AHT, by aetiology, study, and number of documented features 
 
Circles represent data from the Cardiff site; triangles represent data from the Lille site. The size of the data points reflect the number of documented 
features. Predicted probabilities for the AHT cases are depicted in the lower half of the plot, predicted probabilities for the nAHT cases are depicted in the 
upper half of the plot. Reproduced with permission from Pediatrics, Vol. 136, Page 294, Copyright © 2015 by the American Academy of Pediatrics.
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Figure 4.7 Receiver operating characteristic (ROC) curve for the Predicting Abusive Head Trauma clinical prediction tool 
 
Reproduced with permission from Pediatrics, Vol. 136, Page 295, Copyright © 2015 by the American Academy of Pediatrics
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4.5 Systematic review of validated clinical prediction rules for abusive head trauma 
(Pfeiffer et al., 2018)706 
As discussed in Chapter 3, there are a number of points along the clinical pathway for 
infants and young children with head injury and suspected AHT where a CPR may be of use. 
Following the validation of PredAHT, the researcher and supervisory team were approached by 
colleagues in Australia and invited to collaborate on a formal systematic review of validated 
CPRs designed to assist in the identification of AHT. The search strategy, databases searched, 
methodological details and PRISMA flowchart are available in the published paper (Appendix 
4).706 Three validated CPRs for AHT were identified, critically appraised and compared in terms 
of their derivation, population, definition of AHT, variables used, external validation and 
performance: the PIBIS, the PediBIRN CPR, and PredAHT.706 Following the publication of the 
systematic review, the BIBIS was derived and validated, and is thus included in the following 
discussion.  
4.5.1 The Pittsburgh Infant Brain Injury Score  
The PIBIS was derived in a retrospective study of 187 infants presenting to a tertiary 
care children’s hospital with nonspecific symptoms, to determine which high-risk infants would 
benefit from neuroimaging for evaluation of brain injury.701 Five predictor variables were 
identified in the derivation study, which was not published: age ≥3 months, head 
circumference percentile >90%, serum haemoglobin <11.2 g/dL, abnormality on neurologic or 
dermatologic examination, and a previous ED visit for a high-risk symptom.701 The AUROC was 
0.87 (95% CI 0.80–0.95). 
A subsequent multicentre prospective study including 1040 infants was published and 
described as a validation and refinement of the PIBIS.701 The analyses were conducted as part 
of a larger parent study deriving and validating a CPR using serum biomarkers to detect ICH,700 
described in the next section. Ascertainment criteria included well-appearing infants aged 30–
364 days presenting to the ED with a temperature <38.3°C, no history of trauma and one or 
more symptoms associated with a high risk for AHT, including: ALTE/apnoea; vomiting without 
diarrhoea; seizures/seizure-like activity; soft tissue swelling of the scalp; bruising; or other non-
specific neurologic symptoms such as lethargy, fussiness or poor feeding. The study outcomes 
were abnormal neuroimaging at enrolment or follow-up, and diagnosis of AHT as assessed by 
the hospital CP team, defined as a brain injury due to definite or probable abuse. Infants with 
no neuroimaging at enrolment or follow-up were classified as having no brain abnormalities. 
Missing data were handled with listwise deletion. The five original predictor variables were re-
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evaluated and the variables “abnormality on neurologic examination” and “previous ED visit 
for a high-risk symptom” were excluded from the CPR due to non-significance. The final four-
variable CPR was generated using logistic regression and converted to a 5-point scoring system 
(Table 4.8). In infants with a score of 2 or more, the recommendation is that neuroimaging 
should be performed, while infants with a score of 0 or 1 can be safely discharged without 
neuroimaging. However the authors also present the sensitivity and specificity of the CPR at 
each score and suggest that consideration of the cut-off may depend on the imaging modality 
used. At a cut-off score of 2, the sensitivity of the CPR to detect abnormal neuroimaging was 
93.0% (95% CI 89.0%–96.0%) and the specificity was 53.0% (95% CI 49.0%–57.0%). The positive 
predictive value (PPV) was 39.0% (95% CI 34.8%–43.6%) and the negative predictive value 
(NPV) was 96.0% (95% CI 93.6%–97.9%). The AUROC was 0.83 (95% CI 0.80–0.86). These 
measures were calculated for all brain abnormalities rather than for brain abnormalities due to 
AHT specifically.701 
Table 4.8 The Pittsburgh Infant Brain Injury Score 
Variable Points 
Abnormality on dermatologic examination 2 
Age ≥ 3 months 1 
Head circumference > 85th percentile 1 
Haemoglobin <11.2 g/dL 1 
Reproduced with permission from Pediatrics, Vol. 138, Page 6, Copyright © 2016 by the 
American Academy of Pediatrics 
4.5.2 The Biomarkers for Infant Brain Injury Score  
Berger et al.700 derived and validated the BIBIS to identify ICH in well-appearing infants 
at increased risk of AHT. Candidate predictors for inclusion in a multivariable logistic regression 
model were chosen prior to derivation based on the literature and the authors’ experience, 
and included brain-specific and nonbrain-specific biomarkers as well as clinical variables. The 
BIBIS was derived in a retrospective study of sera samples from a serum databank, and 
comprised 99 well-appearing infants aged 30–364 days with a temperature <38.3°C, 
presenting to the Children’s Hospital of Pittsburgh with nonspecific symptoms including 
vomiting or fussiness. Multiplex immunoassays for biomarker measurement were performed 
on the Ziplex System, which has potential as a point-of-care screening system. The technician 
measuring biomarkers was blinded to clinical data, while the CP team were blinded to 
biomarker data. Multiple models with different combinations of predictor variables were 
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evaluated, and the model with the greatest AUROC was chosen. The median values of the 
patients in the derivation dataset with no ICH serve as the baseline for all other samples. The 
regression formula for the final model including three serum biomarkers and one clinical 
variable was presented (Box 4.1). BIBIS was internally validated using 20-fold cross-validation. 
At a cut-off of 0.182, sensitivity for predicting AHT was 95.8% (95% CI 94.4–97.0) and 
specificity was 54.9% (95% CI 50.9–58.9). The AUROC was 0.906 (95% CI 0.893–0.919).  
BIBIS was then prospectively validated in the cohort of 1040 infants described in Berger 
et al.,701 plus an additional 38 infants from the serum databank with rare intracranial 
abnormalities, who may present with similar symptoms to those patients with ICH owing to 
AHT. BIBIS was applied to only 561/1040 (54%) of the infants enrolled to the prospective 
study, mainly due to missing data for the predictor variables. At a cut-off of 0.182, the 
sensitivity of BIBIS for predicting AHT specifically was 86.4% (95% CI 84.1–88.7) and the 
specificity was 48.9% (95% CI 47.9–49.8). The sensitivity of BIBIS for predicting acute ICH of any 
aetiology was 89.34% (95% CI 87.7–90.4) and the specificity was 48.0% (95% CI 47.3–48.9). The 
PPV for any acute ICH was 21.3% and the NPV was 95.6%.700 
Box 4.1 The Biomarkers for Infant Brain Injury Score 
 
MMP-9 = matrix metallopeptidase-9, NSE = neuron-specific enolase, VCAM1 = vascular cellular 
adhesion molecule-1. MMP-9, NSE, and VCAM-1 are measured in nanograms per millilitre, and 
total serum haemoglobin is measured in grams per decilitre. Formula reproduced from Berger 
et al. (2017).700 
4.5.3 The Pediatric Brain Injury Research Network clinical prediction rule 
Hymel et al.351 derived a CPR in a multicentre prospective study of 209 acutely head-
injured children less than three years old admitted to ten PICUs, to “inform clinicians’ early 
decisions to launch (or forego) an evaluation for abuse” (p. 2). Candidate predictors for 
inclusion in the CPR were chosen following bivariate analysis of 45 historical, clinical and 
radiological variables, which identified 20 variables that both discriminated significantly 
between AHT and non-AHT and demonstrated high inter-rater reliability. The authors created 
a number of classification trees using binary recursive partitioning to derive four different CPRs 
with maximum sensitivity, to help clinicians exclude AHT if negative. AHT was defined based on 
−2.442 + 0.000430 × [MMP-9 − Median MMP-9] +0.1058 × [Adjusted NSE − Median 
Adjusted NSE] −1.306 × [Haemoglobin − Median Haemoglobin] −0.004165 × [VCAM1 – 
Median VCAM1] 
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a priori study criteria designed by the authors in an attempt to minimise circular reasoning. 
Classification of patients based on this definitional criteria was compared to the final diagnosis 
given by the treating clinicians at the point of hospital discharge. The CPR chosen for external 
validation had a sensitivity of 96%, a specificity of 36%, a PPV of 56%, an NPV of 91%, a positive 
LR of 1.50, and a negative LR of 0.12. Internal validation was not conducted. The CPR 
recommends that if one or more of four clinical or neuroradiological variables are present in a 
child without a history of a motor vehicle collision, the clinician should undertake a thorough 
abuse evaluation (Table 4.9).  
PediBIRN was externally validated in a further prospective multicentre study of 291 
children presenting to 14 PICUs, ten of which had participated in the derivation study.702 The 
sensitivity of PediBIRN in the validation study was 96% (95% CI 90%–99%), specificity was 43% 
(95% CI, 35%–50%), PPV was 55% (95% CI 48%–62%), NPV was 93% (95% CI 85%–98%), the 
positive LR was 1.67 (95% CI 1.46–1.9) and the negative LR was 0.09 (95% CI 0.04–0.23). The 
AUROC was 0.78. The CPR demonstrated similar performance when defining AHT according to 
treating clinicians’ final diagnoses instead of the a priori study definitional criteria. The 
PediBIRN investigators have also undertaken a retrospective, theoretical analysis of the 
potential impact of the CPR using the derivation and validation datasets, by comparing actual 
screening for AHT with screening guided by consistent and accurate application of the CPR.705 
Their analysis suggests that use of PediBIRN could theoretically increase AHT detection and the 
overall diagnostic yield of abuse evaluations while recommending marginally fewer children 
for abuse evaluation. In addition, a retrospective cost analysis using claims data and based on 
the theoretical analysis of the potential impact of the CPR suggests that applying PediBIRN 
accurately and consistently could lower the cost for each correctly identified child with AHT by 
15.1% and reduce health systems costs arising from missed AHT by 72.4%.734 An impact 
analysis of PediBIRN is currently being conducted in 8 PICU sites in the United States 
(http://www.pedibirn.com/).  
Finally, PediBIRN has recently been externally validated in an Australian/New Zealand 
population in another collaborative study of which the researcher was a part of.735 The study 
externally validated PediBIRN as designed (in the PICU population only), as well as using 
broader inclusion criteria (all children admitted to hospital with head injuries). The 
performance of the CPR in the broader sample comprising all head injured children admitted 
to hospital was similar to the performance of the CPR in the original validation study 
conducted by Hymel and colleagues.702 This suggests that the CPR may have a role in screening 
for AHT in all children less than three years of age admitted to hospital with abnormal 
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neuroimaging (excluding motor vehicle crashes or unintentional injuries and pre-existing 
abnormality on neuroimaging).735 The sensitivity of PediBIRN in the PICU population was 100% 
(75%−100%) and the specificity was 11% (0%−48%). The sensitivity in the broader sample was 
96% (82%−100%) and the specificity was 43% (32%−53%). This extends its level of evidence to 
a Level 3 rule with broad validation, whereby it is claimed by some that predictions can be 
used with confidence in their accuracy.299 
Table 4.9. The Pediatric Brain Injury Research Network clinical prediction rule 
To minimize missed cases, every acutely head-injured infant or young child <3 years of age 
hospitalized for intensive care (excluding motor vehicle collisions) who presents with ≥1 of 
these 4 predictor variables should be thoroughly evaluated for abuse: 
 Any clinically significant respiratory compromise at the scene of injury, during 
transport, in the emergency department, or before admission 
 Any bruising involving the child’s ears, neck, or torso 
 Any subdural haemorrhages or fluid collections that are bilateral or involve the 
interhemispheric space 
 Any skull fractures other than an isolated, unilateral, nondiastatic, linear, parietal 
skull fracture  
 
Reproduced with permission from Pediatrics, Vol. 134, Page e1538, Copyright © 2014 by the 
American Academy of Pediatrics 
4.5.4 Critical appraisal of validated clinical prediction rules for abusive head trauma 
The four CPRs for AHT were critically appraised using a checklist of 17 items proposed 
by.303 These items assess the methodological quality of the development and validation of 
CPRs for children. An overall score was calculated for each CPR according to the number of 
quality standards achieved (Table 4.10). The CPRs were also assessed using the Transparent 
Reporting of a multivariable prediction model for Individual Prognosis or Diagnosis checklist326 
(Table 4.11).  
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 Table 4.10 Assessment of methodological quality of validated clinical prediction rules for 
abusive head trauma as proposed by Maguire et al. (2011)303 
 
Quality Item PediBIRN  PredAHT PIBIS BIBIS 
Prospective Validation Yes Only DS 2 Yes Yes 
Study site well described Yes Yes Yes Yes 
Population well described Yes Yes Yes Yes 
Rule applied to all patients at risk >90% N.s. No No 
Predictive variables       
Clear definition Yes Yes Yes Yes 
Blind assessment  Yes N.s. N.s. Yes 
Reproducible  Yes  N.s. N.s. N.s 
Outcome variable     
Definition Yes Yes Yes Yes 
Blind assessment Yes N.s. N.s. Yes 
Adequate follow-up N.s. N.s. Yes N.s 
Sensibility     
Clinically sensible Yes Yes Yes Yes 
Easy to use Yes Yes Yes No 
Course of action Yes  No Yes Yes 
Statistical analysis      
Mathematical technique 
reported  
Yes Yes Yes Yes 
Adequate calculated 
power reported 
No No No No 
Adequate reporting of 
results 
Yes Yes Yes Yes 
95% CIs reported on rule 
properties 
Yes Yes  Yes Yes 
Score 15 9 12 12 
Present=score of 1; not specified/no=score of 0; DS = data set; NS = not specified; PediBIRN = 
Pediatric Brain Injury Research Network clinical prediction rule; PredAHT = Predicting Abusive 
Head Trauma clinical prediction tool PIBIS = Pittsburgh Infant Brain Injury Score; BIBIS = 
Biomarkers for Infant Brain Injury Score. Adapted from Pfeiffer et al., 2018.706 
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Table 4.11 Transparent Reporting of a multivariable prediction model for Individual Prognosis or Diagnosis checklist: Prediction model development 
and validation 
Section/Topic Item Checklist Item PediBIRN PredAHT PIBIS BIBIS 
Title and abstract 
Title 1 D;V Identify the study as developing and/or validating a 
multivariable prediction model, the target population, 
and the outcome to be predicted. 
;however 
target 
population not 
stated in 
either 
;however 
target 
population 
not stated 
however 
target 
population 
not stated 
however 
target 
population 
not stated 
Abstract  2 D;V Provide a summary of objectives, study design, setting, 
participants, sample size, predictors, outcome, 
statistical analysis, results and conclusions. 
other than 
sample size & 
predictors;  
; other 
than 
objectives 
 
Introduction 
Background 
and objectives 
3a D;V Explain the medical context (including whether 
diagnostic or prognostic) and rationale for developing 
or validating the multivariable prediction model, 
including references to existing models. 
;but 
PredAHT 
derivation not 
discussed in 
either 
; but 
existing 
models not 
discussed 
but 
existing 
models not 
discussed 
3b D;V Specify the objectives, including whether the study 
describes the development or validation of the model 
or both. 
; ;   
Methods 
Source of data 
4a D;V Describe the study design or source of data (e.g. 
randomized trial, cohort, or registry data), separately 
for the development and validation data sets, if 
applicable. 
; ;   
4b D;V Specify the key study dates, including start of accrual; 
end of accrual; and, if applicable, end of follow-up. 
; N/A;    
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Participants 
5a D;V Specify key elements of the study setting (e.g., primary 
care, secondary care, general population) including 
number and location of centres. 
; ;   
5b D;V Describe eligibility criteria for participants. ; ;   
5c D;V Give details of treatments received, if relevant. N/A; N/A N/A; N/A N/A N/A 
Outcome 
6a D;V Clearly define the outcome that is predicted by the 
prediction model, including how and when assessed. 
; ;   
6b D;V Report any actions to blind assessment of the outcome 
to be predicted. 
; ;   
Predictors 
7a D;V Clearly define all predictors used in developing or 
validating the multivariable prediction model, including 
how and when they were measured. 
; ;   
7b D;V Report any actions to blind assessment of predictors 
for the outcome and other predictors. 
; ;   
Sample size 8 D;V Explain how the study size was arrived at. ; ; ; ; 
Missing data 9 D;V Describe how missing data were handled (e.g., 
complete-case analysis, single imputation, multiple 
imputation) with details of any imputation method. 
; ;   
Statistical 
analysis 
methods 
10a D Describe how predictors were handled in the analyses. N/A  only for 
refined rule 
 
10b D Specify type of model, all model-building procedures 
(including any predictor selection), and method for 
internal validation. 
however 
internal 
validation not 
conducted 
 only for 
refined rule 
 
10c V For validation, describe how the predictions were 
calculated. 
    
10d D;V Specify all measures used to assess model 
performance and, if relevant, to compare multiple 
models. 
; ;   
 
 
119 
 
10e V Describe any model updating (e.g., recalibration) 
arising from the validation, if done. 
N/A N/A Model 
updated 
prior to 
validation 
N/A 
Risk groups 11 D;V Provide details on how risk groups were created, if 
done. 
; ;   
Development 
vs. validation 
12 V For validation, identify any differences from the 
development data in setting, eligibility criteria, 
outcome, and predictors. 
    
Results 
Participants 
13a D;V Describe the flow of participants through the study, 
including the number of participants with and without 
the outcome and, if applicable, a summary of the 
follow-up time. A diagram may be helpful. 
; ;  
 
 
13b D;V Describe the characteristics of the participants (basic 
demographics, clinical features, available predictors), 
including the number of participants with missing data 
for predictors and outcome. 
; ;   
13c V For validation, show a comparison with the 
development data of the distribution of important 
variables (demographics, predictors and outcome). 
    
Model 
development  
14a D Specify the number of participants and outcome 
events in each analysis. 
   number 
of outcome 
events not 
specified 
for the 862 
subjects 
with 
complete 
 
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data for 
refined rule 
14b D If done, report the unadjusted association between 
each candidate predictor and outcome. 
 N/A N/A N/A 
Model 
specification 
15a D Present the full prediction model to allow predictions 
for individuals (i.e., all regression coefficients, and 
model intercept or baseline survival at a given time 
point). 
Classification 
tree presented 
 However 
only 
refined 
model 
presented 
 
15b D Explain how to the use the prediction model.     
Model 
performance 
16 D;V Report performance measures (with CIs) for the 
prediction model. 
; ;   
Model-updating 17 V If done, report the results from any model updating 
(i.e., model specification, model performance). 
N/A N/A Model 
updated 
prior to 
validation 
N/A 
Discussion 
Limitations 18 D;V Discuss any limitations of the study (such as 
nonrepresentative sample, few events per predictor, 
missing data). 
; ;   
Interpretation 
19a V For validation, discuss the results with reference to 
performance in the development data, and any other 
validation data. 
    
19b D;V Give an overall interpretation of the results, 
considering objectives, limitations, results from similar 
studies, and other relevant evidence. 
;Results 
from similar 
studies not 
discussed in 
either 
; Results 
from 
similar 
studies not 
discussed 
 
Implications 20 D;V Discuss the potential clinical use of the model and 
implications for future research. 
; ;   
 
 
121 
 
Other information 
Supplementary 
information 
21 D;V Provide information about the availability of 
supplementary resources, such as study protocol, Web 
calculator, and data sets. 
N/A;  N/A;  N/A N/A 
Funding 22 D;V Give the source of funding and the role of the funders 
for the present study. 
; ;   
 
Items relevant only to the development of a prediction model are denoted by D, items relating solely to a validation of a prediction model are denoted by 
V, and items relating to both are denoted D;V. It is recommended that the TRIPOD Checklist be used in conjunction with the TRIPOD Explanation and 
Elaboration document (Moons et al., 2015).326 
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4.5.5 Comparing four validated clinical prediction rules for abusive head trauma  
The four CPRs for AHT were compared in terms of their objectives, inclusion and 
exclusion criteria, definitions of AHT and nAHT, and performance, as summarised in Table 4.12. 
The CPRs are aimed at different populations and time points within the clinical assessment.706 
PIBIS and BIBIS are targeted at a population of well-appearing infants in the ED who might 
benefit from a head CT scan to identify intracranial abnormalities.700, 701 PredAHT applies to 
children less than three years of age admitted to hospital with ICI, where children have been 
examined and may have had an ophthalmology exam and/or radiological investigations.59, 60 
PediBIRN as originally derived applies to a narrower population of children less than three 
years old admitted to the PICU with intracranial or cranial injury,351, 702 although as previously 
noted, a recent external validation suggested that it may be applicable to a broader population 
of all children admitted to hospital with head injury.735 Indeed, the high pre-test probability of 
AHT in the PICU setting raises the question whether all children in this high-risk group should 
be screened.736 In addition, there is little overlap between the predictor variables included in 
each of the CPRs.706 However, some of the features incorporated in the inclusion criteria for 
the BIBIS and PIBIS (apnoea, seizures and bruising) appear among the predictor variables of 
PediBIRN and PredAHT.706 While the PIBIS, BIBIS and PediBIRN are directive decision rules that 
recommend a specific course of action (PIBIS and BIBIS – head CT scan; PediBIRN – thorough 
abuse evaluation), PredAHT is an assistive prediction rule that provides a probability of AHT, in 
order to “assist frontline professionals when deciding whether to refer a child for specialist 
clinical and multiagency investigation of possible AHT”,59(p.e558) “assist clinicians in their 
discussions with social welfare, law enforcement, or other professionals involved in the child 
protection process”,60(p.291) and “assist clinicians offering medical testimony in civil or criminal 
proceedings, in demonstrating why certain combinations of features are more or less 
predictive of an abusive etiology”.59(p.e558)  
Due to the lack of gold standard diagnostic criteria for AHT, different approaches were 
taken to minimise circular reasoning, i.e. the possibility that AHT was diagnosed based on the 
presence of the predictor variables included in the CPRs.706 Hymel et al.351 devised a list of a 
priori study definitional criteria that excluded ICI and injury severity and attempted to exclude 
references to any of their PediBIRN predictor variables, although of note “bruising” appears in 
both the CPR and the definitional criteria.737 The PIBIS, BIBIS and PredAHT used the 
multidisciplinary CP team assessment decision for confirmation of AHT.59, 60, 700, 701  
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In terms of the performance of the CPRs, PediBIRN, PIBIS and BIBIS all have very high 
sensitivities and comparatively low specificities, while PredAHT performs with a relatively high 
sensitivity of 72% and a higher specificity of 86%, applying a 50% probability cut-off.60, 700-702, 
735 However, PredAHT provides predicted probabilities of AHT along the full continuum of risk 
depending on the presence or absence of the six clinical features, and its sensitivity and 
specificity, as with the PIBIS and BIBIS, is contingent on the cut-off point applied.59, 60 The PIBIS 
variables are available from physical examination, history and blood tests, while the BIBIS 
variables are available from blood tests but require analysis using the Ziplex system, which has 
potential as a point-of care test.700, 701 Neuroimaging is required for PediBIRN, and further 
investigations such as ophthalmology exam and radiology investigations are desirable for 
PredAHT.59, 60, 351, 702 This places PredAHT as a useful tool for assessing the significance of 
these investigations at a later stage in the diagnostic process.706 However, the computerised 
version described later in this chapter can also account for missing information regarding the 
predictor variables, and could therefore contribute to decision-making at multiple stages in the 
assessment pathway e.g. by assisting clinicians in deciding whether to perform further 
investigations to obtain the missing information. The PediBIRN CPR received the highest score 
for methodological quality (Table 4.10) as it was the only CPR where the study investigators 
recorded that they assessed the predictor and outcome variables independently of one 
another and undertook an evaluation of the inter-rater reliability of the predictor variables.706  
In summary, the four validated CPRs for AHT focus on different populations, and have 
different inclusion criteria. They include different predictor variables available at different 
stages in the clinical assessment pathway, and different outcome variables. None of the CPRs 
are diagnostic tools, rather, all aim to act as aids or prompts to clinicians to seek further 
clinical, social or forensic information within the context of a multidisciplinary CP team 
assessment.706 The CPRs are discussed and appraised further in the discussion section of this 
chapter. 
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Table 4.12 Comparison of four validated clinical prediction rules for abusive head trauma 
Name Pediatric Brain Injury Research 
Network (PediBIRN) clinical 
prediction rule  
Predicting Abusive Head 
Trauma (PredAHT) clinical 
prediction tool 
Pittsburgh Infant Brain 
Injury Score (PIBIS) 
Biomarkers for Infant Brain 
Injury Score (BIBIS) 
Country USA UK USA USA 
Derivation 
paper 
Hymel et al (2013). Derivation of a 
clinical prediction rule for pediatric 
abusive head trauma. Pediatric Critical 
Care Medicine, 14(2): 210-220. 
Maguire et al (2011). 
Estimating the probability of 
abusive head trauma: a 
pooled analysis. Pediatrics, 
128(3):e550-e564. 
Unpublished data  Berger et al (2017). 
Derivation and validation of a 
serum biomarker panel to 
identify infants with acute 
intracranial haemorrhage, 
JAMA Pediatrics, 
171(6):e170429. 
 Prospective: N = 209 Prospective: N = 133 
Retrospective: N = 920 
Retrospective: N = 187  Retrospective: N = 99 
 
Validation 
paper 
Hymel et al (2014). Validation of a 
clinical prediction rule for pediatric 
abusive head trauma. Pediatrics, 
134(6): e1537-e1544. 
Cowley et al (2015). 
Validation of a prediction 
tool for abusive head 
trauma. Pediatrics, 
136(2):290-298.  
Berger et al, 2016. 
Validation of the 
Pittsburgh infant brain 
injury score for abusive 
head trauma. Pediatrics, 
138(1):pii:e20153756.  
Berger et al (2017). 
Derivation and validation of a 
serum biomarker panel to 
identify infants with acute 
intracranial haemorrhage, 
JAMA Pediatrics, 
171(6):e170429. 
  Prospective: N = 291 Prospective: N = 138 
Retrospective: N = 60 
Prospective: N = 1040 Prospective: N = 476 for AHT 
Prospective: N = 511 for 
acute ICH of any aetiology 
Clinical 
prediction rule 
Every acutely head-injured infant/child 
meeting the inclusions criteria and 
presenting with ≥ 1 of these 4 
predictor variables should be 
thoroughly evaluated for abuse 
Estimated probability of AHT 
varies from 4% when none of 
the features are present to 
close to 100% when all six 
features are present and 
Children with a score of ≥ 
2 should undergo 
neuroimaging to check for 
abnormal findings  
Children with a score of ≥ 
0.182 on the mathematical 
model should undergo 
neuroimaging to look for 
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 Any clinically significant 
respiratory compromise 
(infrequent/laboured respirations, 
apnoea or any need for intubation 
or assisted ventilation) at the 
scene of injury, during transport, 
in the ED or before admission  
 Any bruising involving the child’s 
ears, neck and torso (including 
chest, abdomen, genitourinary 
region, back or buttocks) 
 Any subdural haemorrhages or 
fluid collections that are bilateral 
or involve the interhemispheric 
space 
 Any skull fractures other than an 
isolated, unilateral, nondiastatic, 
linear parietal skull fracture   
>81.5%  (63.3% - 91.8%) 
when ≥ 3 of these 6 features 
are present  
 Head or neck bruising 
 Seizures 
 Apnoea (documented in 
initial history or during 
inpatient stay) 
 Rib fracture 
(documented after 
appropriate radiologic 
imaging) 
 Long-bone Fracture (“) 
 Retinal Haemorrhage 
(documented after 
indirect ophthalmologic 
examination by a 
paediatric 
ophthalmologist) 
 Abnormality on 
dermatologic 
examination (2 
points) 
 Age ≥ 3.0 months (1 
point) 
 Head circumference 
>85th percentile (1 
point) 
 Haemoglobin <11.2 
g/dL (1 point) 
 
 
 
  
acute intracranial 
haemorrhage 
 
−2.442 + 0.000430 × [MMP9 
−Median MMP-9] + 
0.1058 × [Adjusted NSE − 
Median Adjusted NSE] − 
1.306 × [Hemoglobin − 
Median Hemoglobin] 
−0.004165 × [VCAM1 − 
MedianVCAM1] 
Objective Detection of AHT among acutely head-
injured children admitted to PICU  
Prediction of the likelihood 
of AHT in head-injured 
children  
Detection of abnormal 
neuroimaging in well-
appearing children with 
non-specific symptoms 
Detection of acute 
intracranial haemorrhage in 
infants at increased risk of 
AHT 
Inclusion  Children < 3 years of age  
 Admission to PICU  
 Symptomatic, acute, closed, 
traumatic, cranial or intracranial 
injuries confirmed by CT or MRI 
Dataset 1 (Cardiff, UK):  
 Children < 3 years of age  
 Hospital admission  
 ICI (combination of 
extraaxial haemorrhage, 
diffuse or focal 
parenchymal injury, 
 30 – 364 d of age  
 Well-appearing  
 Temperature <38,3°C  
 No history of trauma 
 Seeking medical 
evaluation for 1 of the 
following symptoms 
 30 – 364 d of age  
 Well-appearing  
 Temperature <38,3°C  
 No history of trauma 
 Seeking medical 
evaluation for 1 of the 
following symptoms 
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cerebral oedema, 
cerebral contusion, 
hypoxic ischemic injury 
or diffuse axonal injury) 
confirmed on 
neuroimaging  
Dataset 2 (Lille, France):  
 Children < 2 years of age  
 Craniocerebral traumatic 
lesions diagnosed based 
on at least 1 CT [20] 
 Referred alive to the 
neurosurgical 
department, the PICU or 
the ED  
o ALTE/apnoea 
o Vomiting 
without 
diarrhoea  
o Seizures or 
seizure-like 
activity 
o Soft tissue 
swelling of the 
scalp 
o Bruising 
o Other non-
specific 
neurologic 
symptom not 
described 
above, such as 
lethargy, 
fussiness or 
poor feeding  
o ALTE/apnoea 
o Vomiting without 
diarrhoea  
o Seizures or 
seizure-like activity 
o Soft tissue swelling 
of the scalp 
o Bruising 
o Other non-specific 
neurologic 
symptom not 
described above, 
such as lethargy, 
fussiness or poor 
feeding 
Exclusion  Children ≥ 3 years of age 
 Head injury resulting from a 
collision involving a motor vehicle  
 Initial neuroimaging revealed clear 
evidence of pre-existing brain 
malformation, disease, infection 
or hypoxia-ischemia  
 Children ≥ 3 years of age 
(Dataset 2: ≥ 2 years of 
age) 
 Normal neuroimaging 
 Underlying structural 
abnormality or pre-
existing disease 
(hydrocephalus, cystic 
lesion/tumour, 
metabolic cause, 
 Previous abnormal CT 
scan of the head  
 Samples with a hemocue 
of at least 0.5 g/dL 
 Patients without all 4 
variables measured 
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malformation, abnormal 
brain development) 
 Injuries caused by 
neglect 
 Birth injuries  
Definition of 
AHT 
 The primary caregiver [25] 
admitted abusive acts 
 Abusive acts by the PC were 
witnessed by an unbiased, 
independent observer 
 The PC specifically denied that the 
preambulatory child in his/her 
care had experienced any head 
trauma  
 The PC provided an account of the 
child’s head injury event that was 
clearly historically inconsistent 
with repetition over time 
 The PC provided an account of the 
child’s head injury event that was 
clearly developmentally 
inconsistent with the child’s 
known (or expected) gross motor 
skills 
 Further workup confirmed the 
presence of two or more 
categories of extracranial injuries 
considered moderately or highly 
suspicious for abuse  
Confirmed cases on AHT 
(ranked 1 or 2 for abuse) 
 Rank 1:  
> Abuse confirmed at 
case conference or 
civil, family, or 
criminal court 
proceedings  
> admitted by 
perpetrator  
> independently 
witnessed  
 Rank 2 
> Abuse confirmed by 
stated criteria 
including 
multidisciplinary 
assessment  
Brain injury due to 
definite/probable, but not 
possible, abuse as 
assessed by the hospital-
based CP team at each 
enrolled site  
(Cases = abnormal 
neuroimaging) 
 
Acute intracranial 
haemorrhage and the 
assessment 
of probable or definite abuse 
by each site’s hospital-based 
CP team 
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> classic metaphyseal lesion 
fracture or epiphyseal 
separation  
> rib fracture, fracture of the 
scapula or sternum 
> fractures of the digits 
> vertebral body fractures 
> dislocation/fracture of spinous 
process 
> skin bruising/abrasion/ 
laceration in two or more 
distinct locations other than 
knee, shins or elbows 
> patterned bruising or dry 
contact burns 
> scalding burns with uniform 
depth, clear lines of 
demarcation,  and paucity of 
splash marks  
> confirmed intra-abdominal 
injuries  
> retinoschisis confirmed by an 
ophthalmologist  
> retinal haemorrhages 
described by an 
ophthalmologist as dense, 
extensive, covering a large 
surface area and/or extending 
to the ora serrata  
Definition of 
nAHT 
 All remaining patients   Witnessed accidental 
mechanisms 
 N.s.   N.s. 
 
 
129 
 
 Confirmed organic 
causes 
 Abuse excluded after CP 
investigations  
Validation study 
 
Sensitivity* 
Specificity 
Prevalence 
PPV 
NPV 
LR+ 
LR- 
Area under the 
curve 
 
N = 291  
 
0.96 (0.90–0.99) 
0.43 (0.35–0.50) 
0.43 (0.37–0.49) 
0.55 (0.48–0.62) 
0.93 (0.85–0.98) 
1.67 (1.46–1.91) 
0.09 (0.04–0.23) 
0.78 
 
* Accuracy of detecting AHT cases 
among children with head injury 
admitted to PICU  
N = 198 
 
0.72 (0.60–0.82) 
0.86 (0.79–0.91) 
0.33 (0.27–0.40) 
0.71 (0.59–0.81) 
0.86 (0.80–0.91) 
5.06 (3.25–7.88) 
0.32 (0.22–0.48) 
0.88 (0.82–0.93) 
 
* Accuracy of detecting AHT 
cases among admitted 
children with head injury 
N = 862 
 
0.93 (0.89–96.0) 
0.53 (0.49–0.57) 
0.26 
0.39 (0.35–0.44) 
0.96 (0.94–0.98) 
1.98 
0.13 
0.82  
 
* Accuracy of detecting 
cases with abnormal 
neuroimaging in well-
appearing children with at 
least 1 non-specific 
symptom, that is common 
in AHT  
N = 476 
 
0.86 (0.84–
0.89) 
0.48 (0.48–
0.50) 
 
 
 
 
 
 
 
* Accuracy of 
predicting 
AHT 
 
N = 511 
 
0.89 (0.88–
0.90) 
0.48 (0.47–
0.49) 
 
0.21 
0.96 
 
 
 
 
* Accuracy of 
predicting 
acute 
intracranial 
haemorrhage 
 
AHT = abusive head trauma, ALTE = apparent life-threatening event, CP = child protection, ED = emergency department, ICI = intracranial injury, LR+ = 
positive likelihood ratio, LR− = negative likelihood ratio, nAHT = non-abusive head trauma, NPV = negative predictive value, NS = not specified, PC = 
primary caregiver, PICU = paediatric intensive care unit, PPV = positive predictive value. Adapted from Pfeiffer et al., 2018.706 
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4.6 Development of the computerised Predicting Abusive Head Trauma (PredAHT) tool 
The PredAHT derivation study described in section 4.3.2 provided predicted probabilities 
(Figure 4.3) and odds ratios (Figure 4.4) of AHT for children less than three years old with ICI 
and each of 64 possible combinations of the presence or absence of six clinical features.59 
However, as described in Chapter 2, due to the variability exhibited by clinicians in the extent 
of their evaluation and investigation of AHT, in the clinical setting some investigations may not 
be undertaken to identify key clinical features e.g. X rays or ophthalmology for fractures or RH, 
respectively, and at different time points along the clinical assessment pathway, clinicians may 
not have access to or knowledge of all six clinical features included in PredAHT. In addition, at 
some points in time children with head injury may be too ill to undergo the necessary 
investigations. In the event of an unknown clinical feature, the model’s probability of AHT for a 
particular patient cannot be estimated at the time of decision-making, unless the unknown 
feature is presumed to be absent, and thus a strategy is needed to help clinicians applying a 
CPR to deal with such missing values.315, 738, 739 Therefore, the probability of AHT was estimated 
when one or more of the six clinical features was unknown (see section 4.6.2, below). This 
increases the number of possible combinations of clinical features to 729.  
A key consideration when developing CPRs is the format in which to present the 
predictions.294, 324 A CPR is often presented using a simplified scoring system to facilitate use, a 
paper-based nomogram or graphical decision tree,294, 324, 733, 740 or a figure such as the one 
presented in Figure 4.3. Clearly, a CPR that provides predicted probabilities for 729 
permutations of variables is too complex to be presented in paper-based format or as a 
simplified scoring system. Alternatively, a CPR can be developed into a simple web-based 
calculator or application, which is an ideal format for complex CPRs such as PredAHT.324 
Therefore, the decision was made to develop PredAHT into a simple web-based calculator, 
with the aim of facilitating its adoption into clinical practice.741 
Chapter 3 reviewed the literature on clinical decision-making theories relevant to the 
diagnosis of AHT and the logic underpinning CPRs, which enabled the identification of potential 
features of a computerised tool that might best support clinicians in their decision-making. The 
literature review revealed that clinicians use probabilistic reasoning as one decision-making 
strategy when refining clinical hypotheses, whereby an initial opinion (prior probability) is 
updated with new information (clinical data) by applying a likelihood ratio, to produce a 
posterior probability of an outcome.569, 580 In addition, the literature review identified that by 
explicitly quantifying the discriminatory power of combinations of clinical features, CPRs are 
conducive to probabilistic diagnosis and can be readily applied to the probabilistic reasoning 
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process.569, 627 Therefore, likelihood ratios of AHT were calculated for each of the 729 
combinations of clinical features, to enable clinicians to incorporate their own prior 
probabilities of AHT, based on factors unaccounted for by PredAHT, e.g. purported history, 
clinical presentation or psychosocial features. In addition, given the finding from Chapter 3 
that clinicians may have difficulty combining their prior probability with a CPR to produce an 
accurate posterior probability,577, 581, 616 a sliding scale was incorporated into the computerised 
PredAHT, which allows clinicians to enter their own prior probability, and facilitates automatic 
calculation of the posterior probability.  
4.6.1 Programming 
The computerised tool was built using Shiny, a Web application framework for the R 
language and environment for statistical computing.742, 743 R was used with the RStudio 
Integrated Development Environment.744 The Shiny package for R allows researchers to 
interactively show the output for R programs to Web-browsers.745 Contrary to other Web-
page design methods, researchers only require previous experience with the R programming 
language in order to build a Shiny application. Due to the flexibility of the R language and the 
many extension packages available, researchers have complete control in coding all aspects of 
a model, the appearance of the application’s user interface, and the output produced.745 
Output is reactively updated in response to changing input by using widgets. Shiny widgets are 
interactive elements such as sliders, radio buttons or drop-down boxes that enable users to 
enter different values or categories of parameters or variables. When input from a widget 
changes, the generated output is updated to reflect the change.745, 746 
Shiny applications are built using two R scripts that communicate with one other: a 
user-interface script (ui.R), and a server script (server.R). The ui.R script controls the 
application’s layout and appearance, and the server.R script controls the processing of user-
input, creating the reactive output that is sent to the user interface for display.745, 746 Shiny 
applications can be hosted on Web servers and accessed via the Internet without an R 
installation or files containing R code.  
4.6.2 Estimating the probability of abusive head trauma when one or more of the six 
clinical features are unknown 
Using data from the derivation study,59 the probability of AHT was estimated when 
one or more of the six clinical features are unknown, using MICE.721 The MICE procedure is 
fully described in section 4.4.1. To determine an estimated probability of AHT when one or 
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more of the six clinical features are unknown, each possible combination with one or more 
unknown features was added to the derivation dataset and the unknown values were multiply 
imputed.738 Unknown features were imputed either as absent (0) or present (1), and ten 
imputed datasets were generated. For each combination of features, the predicted probability 
of AHT was then estimated by calculating and exponentiating the linear predictor value, as 
previously detailed. The predicted probabilities of AHT from the ten imputed datasets were 
then averaged.738 PredAHT thus estimates the probability of AHT for all 729 permutations of 
the six clinical features depending on whether each is present, absent or unknown, and can 
provide a probability calculation when certain investigations such as ophthalmology or skeletal 
survey have not yet been undertaken. PredAHT can therefore be applied at multiple points 
along the assessment pathway, according to the extent of information available about each of 
the six features. 
4.6.3 Version 1 of the computerised Predicting Abusive Head Trauma clinical prediction 
tool 
Figure 4.8 shows a screenshot of the user interface of Version 1 of the computerised 
tool. The six clinical features appear on the left-hand side. Each clinical feature is accompanied 
by a drop-down box, in which the user is required to indicate whether the feature is present, 
unknown or absent. Once this is completed, the estimated percentage probability of AHT is 
automatically generated on the right. This was the version that was shown to pathologists, 
CPSWs, police officers and legal practitioners in the qualitative study reported in Chapter 5.747  
 
 
 
 
133 
 
Figure 4.8 Screenshot of Version 1 of the Predicting Abusive Head Trauma clinical prediction tool 
 
The screenshot depicts the scenario when all of the six clinical features are absent in a child less than three years old with intracranial injury.
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4.6.4 Calculation of likelihood ratios 
As described in Chapter 3, a likelihood ratio derived from the presence or absence of 
clinical features included in a CPR can be combined with a clinician’s prior probability of a 
condition to produce a posterior probability.627, 628 To understand why the likelihood ratio 
represents a convenient and powerful way to characterize clinical information, it is useful to 
understand the notation of conditional probability and the derivation of Bayes’ theorem. The 
probability of AHT given that a particular combination of clinical features is present in a child is 
an example of conditional probability. Conditional probability is “the probability that an event 
is true given that another event is true (i.e. conditional on the second event being 
true)”.547(p.64) The conditional probability of event A, given that event B is true, is written: 
P[A|B] meaning the probability of event A conditional on event B, where the vertical line is 
read “conditional upon”. The formal definition of conditional probability is 
              (2) 
which may be translated as “the conditional probability that A is true given that B is true, is the 
ratio of the probability that both A and B are true divided by the probability that B is 
true”.547(p.64) The posterior probability of AHT can be calculated using Bayes’ theorem and the 
following quantities: 1) the prior probability of AHT, 2) the probability of a particular 
combination of clinical features conditional upon the patient having suffered AHT, 3) the 
probability of the particular combination of clinical features conditional upon the patient not 
having suffered AHT. As we are trying to calculate the probability of AHT (AHT) given that a 
child has a particular combination of clinical features (F), using the notation of conditional 
probability, we must calculate 
𝑃[𝐴𝐻𝑇|𝐹] 
where F represents the combination of clinical features. This notation reads “probability of 
AHT conditional upon the combination of clinical features being present.” We know from the 
definition of conditional probability (Equation 2) that 
𝑃[𝐴𝐻𝑇|𝐹] =
𝑃[𝐴𝐻𝑇 𝑎𝑛𝑑 𝐹]
𝑃[𝐹]
 
P[F], the probability of the combination of clinical features, is simply the sum of the probability 
of the combination of clinical features in patients with AHT and its probability in patients 
without AHT: 
𝑃[𝐹] = 𝑃 [𝐹 𝑎𝑛𝑑 𝐴𝐻𝑇] + 𝑃[𝐹 𝑎𝑛𝑑 𝑛𝑜 𝐴𝐻𝑇] 
𝑃[𝐴|𝐵] =
𝑃[𝐴 𝑎𝑛𝑑 𝐵]
𝑃[𝐵]
 
 
 
 
135 
 
Thus, we get 
                (3) 
By the definition of conditional probability (Equation 2) 
𝑃[𝐹|𝐴𝐻𝑇] =
𝑃[𝐹 𝑎𝑛𝑑 𝐴𝐻𝑇]
𝑃[𝐴𝐻𝑇]
 
and 
𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇] =
𝑃[𝐹 𝑎𝑛𝑑 𝑛𝑜 𝐴𝐻𝑇]
𝑃[𝑛𝑜 𝐴𝐻𝑇]
 
Rearranging these expressions, we get  
𝑃[𝐹 𝑎𝑛𝑑 𝐴𝐻𝑇] = 𝑃[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]             (4) 
𝑃[𝐹 𝑎𝑛𝑑 𝑛𝑜 𝐴𝐻𝑇] = 𝑃[𝑛𝑜 𝐴𝐻𝑇] × 𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇]           (5) 
Substituting equations 4 and 5 into 3, we obtain Bayes’ theorem: 
        (6) 
 
A major disadvantage of Bayes’ theorem is that the majority of clinicians require a 
calculator; however, the solution is to use the odds ratio form of Bayes’ theorem to calculate 
the post-test odds, which can be converted to the post-test probability.547 The odds ratio form 
of Bayes’ theorem is simple to remember, and involves multiplying only two numbers. 
Expressing the pre-test probability of a condition in terms of the pre-test odds achieves a 
compelling simplification of Bayes’ theorem. Using the odds ratio form of Bayes’ theorem, 
clinicians can update their prior probabilities upon learning of new information or data. In 
addition, expressing Bayes’ theorem in its odds ratio format enables the effect of new 
diagnostic information to be conveyed in a simple and intuitive manner.547  
To derive the odds ratio form of Bayes’ theorem, we must start with Bayes’ theorem in its 
familiar form (Equation 6). Next, convert P[AHT], a probability, to odds using the following 
relationship between probability and odds: 
𝑃[𝐴𝐻𝑇] =
𝑜𝑑𝑑𝑠[𝐴𝐻𝑇]
1 + 𝑜𝑑𝑑𝑠[𝐴𝐻𝑇]
 
Instead of odds[AHT] we write O[AHT]. Substituting O[AHT]/(1 + O[AHT]) where we see P[AHT] 
in Bayes’ theorem, we get the expression: 
𝑃[𝐴𝐻𝑇|𝐹] =
𝑃[𝐴𝐻𝑇 𝑎𝑛𝑑 𝐹]
𝑃[𝐹 𝑎𝑛𝑑 𝐴𝐻𝑇] + 𝑃[𝐹 𝑎𝑛𝑑 𝑛𝑜 𝐴𝐻𝑇]
 
 
𝑃[𝐴𝐻𝑇|𝐹] =
𝑃[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
(𝑃[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇] + 𝑃[𝑛𝑜 𝐴𝐻𝑇] × 𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇])
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𝑃[𝐴𝐻𝑇|𝐹] =
(
𝑂[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
1 = 𝑂[𝐴𝐻𝑇]
)
𝑂[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
1 = 𝑂[𝐴𝐻𝑇]
+ (1 −
𝑂[𝐴𝐻𝑇]
1 + 𝑂[𝐴𝐻𝑇]
 × 𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇) 
 
Remembering that 
𝑃[𝐴𝐻𝑇|𝐹] =
𝑂[𝐴𝐻𝑇|𝐹]
1 + 𝑂[𝐴𝐻𝑇|𝐹]
 
This long expression for P[AHT|F] simplifies to: 
𝑂[𝐴𝐻𝑇|𝐹]
1 + 𝑂[𝐴𝐻𝑇|𝐹]
=
𝑂[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
𝑂[𝐴𝐻𝑇] × (𝑃[𝐹|𝐴𝐻𝑇] + 𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇])
 
 Multiplying the numerator and denominator of the right side by 1/O[AHT] × P[F|AHT]), 
𝑂[𝐴𝐻𝑇|𝐹]
1 + 𝑂[𝐴𝐻𝑇|𝐹]
=
1
1 +  (
𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇]
𝑂[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
)
 
Cross multiplying, 
𝑂[𝐴𝐻𝑇|𝐹] + 𝑂[𝐴𝐻𝑇|𝐹] ×
𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇]
𝑂[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
= 1 +  𝑂[𝐴𝐻𝑇|𝐹] 
𝑂[𝐴𝐻𝑇|𝐹] ×
𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇]
𝑂[𝐴𝐻𝑇] × 𝑃[𝐹|𝐴𝐻𝑇]
= 1 
Rearranging terms, we obtain the odds ratio form of Bayes’ theorem: 
            (7) 
 
Equation 7 states that the post-test odds of AHT conditional upon the combination of clinical 
features F (O[AHT|F) are equal to the pre-test odds (O[AHT]) multiplied by the likelihood ratio 
P[F|AHT]/P[F|no AHT]). The likelihood ratio is the amount that the odds change after the 
combination of clinical features is known. Another way to state the odds ratio expression of 
Bayes’ theorem is: post-test odds = pre-test odds × likelihood ratio.547 In order to calculate LRs 
of AHT for the 729 possible combinations of clinical features, firstly the predicted probabilities 
of AHT for each combination of features were converted to odds of AHT. The odds of AHT for 
each combination of features were then divided by the pre-test (prior) odds. The pre-test odds 
are simply the prevalence of AHT in the dataset; this is approximately 34%, therefore the pre-
test odds are 0.34/0.66 = 0.52. The resulting LRs of AHT for each of the 729 possible 
combinations of features can be multiplied by the “new” pre-test odds (i.e. a clinicians’ own 
prior probability of AHT) to obtain the post-test odds, which are finally converted into a post-
test probability of AHT.  
𝑂[𝐴𝐻𝑇|𝐹] = 𝑂[𝐴𝐻𝑇] ×
𝑃[𝐹|𝐴𝐻𝑇]
𝑃[𝐹|𝑛𝑜 𝐴𝐻𝑇]
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4.6.5 Version 2 of the computerised Predicting Abusive Head Trauma clinical prediction 
tool 
Figure 4.9 shows a screenshot of the user interface of Version 2 of the computerised 
tool. Once again the six clinical features are presented on the left-hand side, and the user is 
required to use drop-down boxes to indicate whether each is present, unknown or absent. The 
likelihood ratio of AHT for the combination of features entered is then displayed on the right-
hand side, at the top. In addition on the right-hand side, there is a sliding scale representing 
probabilities in percentage terms between 0% and 100%. This is where the user can choose to 
move the slider to enter their own estimated prior probability of AHT based on other factors 
pertinent to each case unaccounted for by PredAHT e.g. purported history, clinical 
presentation, or psychosocial features. The default/baseline prior is set at 34% which is the 
prevalence of AHT in the data used to derive the tool. When the slider is moved, behind the 
scenes, PredAHT converts the clinician’s prior probability to odds, multiplies this with the 
calculated LR for the specific combination of features entered, and converts the resulting 
posterior odds to a posterior probability, which is automatically displayed as an estimated 
percentage probability of AHT below the slider. This version was shown to clinicians in the 
qualitative study reported in Chapter 5747 the vignette study reported in Chapter 6,748 and the 
feasibility study reported in Chapter 7. 
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Figure 4.9 Screenshot of Version 2 of the Predicting Abusive Head Trauma clinical prediction tool 
 
The screenshot depicts the scenario where all six clinical features are unknown in a child less than three years old with intracranial injury.
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4.6.6 Modifications  
Based on the findings of a qualitative study reported in Chapter 5,747 a vignette study 
reported in Chapter 6,748 and a feasibility study reported in Chapter 7, a number of 
modifications were made to Version 2 of the computerised PredAHT to produce the final 
version. During qualitative interviews participants offered suggestions for improvements to the 
tool to enhance its usability and clinical utility.747 Other modifications were made following the 
researcher’s observations of participants’ interacting with the tool in the three studies. The 
tool also underwent “in-house” testing by the researcher and supervisory team, who checked 
the output for accuracy, suggested improvements, and reported any practical issues or 
difficulties with its use. Modifications that were made are outlined in Table 4.13. A screenshot 
of the user interface of the final version of the computerised tool is shown in Figure 4.10.  
 
Table 4.13 Modifications made to the computerised Predicting Abusive Head Trauma clinical 
prediction tool following empirical studies 
Feature suggestion  Source Modifications made 
Confidence intervals  Qualitative study Option to display confidence 
intervals if required 
Graphical representation of 
the impact of the user’s 
estimated prior probability 
on the PredAHT score 
Qualitative study 
Vignette study 
Feasibility study 
Option to display Fagan’s 
nomogram to depict how 
the user’s estimated prior 
probability and the 
likelihood ratio for the 
different combinations of 
features interact to produce 
the PredAHT score 
Traffic light colour coding 
system 
In-house testing Absent is now colour coded 
as green, missing is colour 
coded as orange and present 
is colour coded as red 
Radio buttons instead of 
drop-down boxes to avoid 
potentially selecting the 
wrong option  
In-house testing 
Qualitative study  
Vignette study 
Feasibility study 
Drop-down boxes changed 
to radio buttons 
To ensure that none of the 
options (absent, unknown, 
present) are highlighted or 
selected on the default 
interface for each feature, to 
guarantee that the correct 
options are selected by the 
user for each feature 
In-house testing 
Qualitative study  
Vignette study  
Feasibility study 
When the PredAHT tool is 
loaded, none of the options 
(absent, unknown, present) 
are selected or highlighted 
for each feature, so that the 
user must actively select an 
option for each feature 
themselves  
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Ability to reset the options 
back to the default “no 
option selected”  
In-house testing 
Qualitative study  
Vignette study  
Feasibility study  
An instruction has been 
added to refresh the web 
page to reset the inputs  
Probability and likelihood 
ratio only displayed once an 
option is selected for each 
feature (absent, unknown, 
or present), to avoid 
confusion and potential 
errors 
In-house testing 
Qualitative study  
Vignette study  
Feasibility study  
The probability and 
likelihood ratio is now only 
displayed once an option for 
all six features is selected 
(absent, unknown, or 
present) 
Alter the order of the six 
clinical features in line with 
their order of availability in 
clinical practice 
 
 
Qualitative study  The six features are now 
listed in the following order: 
Apnoea 
Seizures  
Head/neck bruising 
Retinal haemorrhage 
Rib fracture 
Long-bone fracture 
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Figure 4.10 Screenshot of the final version of the Predicting Abusive Head Trauma clinical prediction tool 
 
The screenshot depicts the scenario where apnoea, seizures and retinal haemorrhages are present, head/neck bruising and rib fractures are absent and 
long-bone fractures are unknown.
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4.7 External validation of the Predicting Abusive Head Trauma clinical prediction tool in an 
Australian/New Zealand population 
When applied to the validation dataset60 in-house, using a 50% probability cut-off, the 
performance of the version of PredAHT that can account for unknown features was identical to 
the performance of the original PredAHT in this dataset; its sensitivity was 72.3% and its 
specificity was 85.7% (see Table 4.7, above). The latest version of PredAHT has also recently 
been externally validated in an Australian/New Zealand population. The researcher and 
supervisory team were approached by colleagues in Australia and invited to collaborate on a 
formal external validation of PredAHT using data collected in a prospective multi-centre 
observational study of children with head injuries in ten Australian and New Zealand paediatric 
EDs.749, 750 In this secondary analysis, the medical records of children with possible AHT were 
reviewed at five of the participating sites; the strategy to identify possible AHT cases has been 
described in the external validation of the PediBIRN CPR by this group, discussed previously,735 
and in the manuscript submitted to Archives of Disease in Childhood (Appendix 5). Cases were 
categorized as AHT, indeterminate or nAHT based on the decision of the multidisciplinary CP 
team. PredAHT was applied to 87 children less than three years of age with ICI confirmed on 
neuroimaging (Figure 4.11). The probability of AHT was calculated for each child based upon 
whether the six clinical features were present, unknown or absent. As before, as a primary 
analysis, a 50% probability cut-off was used to categorize all patients with a probability of 
≥50% as higher risk for AHT and those with a probability of <50% as lower risk for AHT. In 
addition, as individual clinicians’ interpretation and application of probability thresholds for 
AHT differ,490, 529, 530, 532, 533 as a secondary analysis, the implications of using different 
probability cut-offs to categorize cases as AHT were explored. This was done by using a 20% 
probability cut-off and an 80% probability cut-off (Table 4.14). The performance of PredAHT 
was very similar to that in the original validation study60; using a 50% probability cut-off, 
sensitivity was 74% and specificity was 87% (Table 4.14).
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Figure 4.11 Predicted probability of abusive head trauma assigned by the Predicting Abusive Head Trauma clinical prediction tool for all 87 children 
with intracranial injury, by outcome and number of recorded features 
 
The circles represent the calculated probability of AHT for each of the 87 children with intracranial injury included in the study. The numbers on the figure 
correspond to the number of children categorized as higher or lower risk for AHT based on a 50% probability cut-off. The size of the circles shows how 
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many of the six features are recorded as present or absent. The smaller the circle, the more information is unknown and the less likely that a skeletal 
survey and/or an ophthalmology examination was undertaken. 
Table 4.14 Performance of the Predicting Abusive Head Trauma clinical prediction tool in an Australian/New Zealand population using three different 
probability cut-offs 
Applying PredAHT 
(indeterminate excluded) 
20% cut-off 50% cut-off 80% cut-off 
Outcome Outcome Outcome 
AHT nAHT AHT nAHT AHT nAHT 
Higher risk of AHT 22 30 20 6 15 4 
Lower risk of AHT 5 15 7 39 12 41 
  Value 95% CI Value 95% CI Value 95% CI 
Sensitivity 81% 62%–94% 74% 54%–89% 56% 35%–75% 
Specificity  33% 20%–49% 87% 73%–95% 91% 79%–98% 
Positive predictive value 42% 29%–57% 77% 56%–91% 79% 54%–94% 
Negative predictive value 75% 51%–91% 85% 71%–94% 77% 64%–88% 
LR + 1.22 0.93–1.61 5.56 2.55–12.1 6.25 2.31–16.9 
LR − 0.56 0.23–1.36 0.30 0.16–0.57 0.49 0.32–0.75 
Confidence intervals for the sensitivity, specificity, positive predictive value and negative predictive value are exact binomial confidence intervals. 
Confidence intervals for the positive likelihood ratio and the negative likelihood ratio are based on the risk ratio. 
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4.8 Discussion 
The aims of this chapter were threefold. The first aim was to describe the previous 
derivation and validation of PredAHT.24, 59, 60 The second aim was to describe a systematic 
review, critical appraisal and comparison of validated CPRs for AHT conducted in collaboration 
with Australian colleagues.706 The third aim was to report the systematic process used to 
create the computerised PredAHT for use in clinical practice, and present an external 
validation of this in an Australian/New Zealand population. The development of the 
computerised PredAHT followed an iterative process and consisted of several stages, including 
selection and development of key features, programming, design of the user interface, in-
house user testing, and modifications based on suggestions and observations from the 
subsequent empirical studies presented in this thesis. Key features were selected based on 
findings from the scoping review of the literature reported in Chapter 3, and based on the 
appreciation that if clinicians were to apply PredAHT in practice, they may face the problem of 
an unknown clinical feature.315, 738, 739 Key features of the computerised PredAHT included an 
“unknown” option for each of the six clinical features, LRs of AHT for each of the possible 
combinations of clinical features, and a sliding scale to enable clinicians to incorporate their 
own prior probability of AHT and facilitate automatic calculation of the posterior probability of 
AHT. Additional key features incorporated following feedback and observations from the 
empirical studies included an option to display confidence intervals around the posterior 
probabilities, and the addition of Fagan’s nomogram to illustrate how the user’s own prior 
probability of AHT and the LRs of AHT for the different combinations of features interact to 
produce the posterior probability of AHT. The development of PredAHT will be discussed 
below in terms of methodological considerations, its validity and level of evidence, and its 
strengths and limitations. 
4.8.1 Methodological considerations in the development of the Predicting Abusive Head 
Trauma clinical prediction tool 
An important consideration in the development of CPRs is the approach to handling 
missing data.714 As described in section 4.3.2.1.2, multiple imputation is a widely accepted 
method for dealing with missing data and was the approach taken in the derivation study,59 
the validation study60 and when estimating the probability of AHT when one or more of the six 
clinical features are unknown. However, such approaches are statistically valid provided the 
data are MAR.715 Importantly, the MAR assumption is just that; an assumption, rather than a 
property of the data.716 The MCAR assumption can be tested, but it is not possible to 
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differentiate between MAR and MNAR from the observed data.324, 716 Most missing data are 
expected to be at least partly MNAR.716, 751, 752 For example, it may be reasonable to assume 
that in children aged greater than two years for whom the variable “long-bone fracture” is 
unknown, there may have been no clinical indication to perform a skeletal survey,512 and 
therefore they may be less likely to have a long-bone fracture. Nevertheless, the MAR 
assumption is reasonable in the current context, as clinical decisions about whether to 
perform a skeletal survey or ophthalmology exam are usually determined by the “measured” 
presence or absence of other features, that is, the observed data.59 In addition, if the MAR 
assumption is violated, this violation also affects older procedures such as listwise deletion; in 
short, techniques based on multiple imputation are always at least as good as statistically 
unprincipled procedures, and are often far better.752 One myth that abounds in the literature 
is that imputation is akin to “making up the data”, however the aim of the process is not to 
obtain the individual values themselves, but to preserve important characteristics of the 
dataset.752 By using all of the information available in a dataset, analyses with multiply 
imputed data benefit from an increased sample size and are likely to be less biased than 
estimates resulting from statistically unprincipled methods used to address missing data.716 
Crucially, when exploring alternative imputation methods in the validation study,60 when each 
unknown clinical feature was deemed to be absent, PredAHT was more likely to miss AHT 
cases than when MICE was used.  
One assumption of the derived PredAHT regression model is the additivity 
assumption i.e. the assumption that the effect of each predictor does not depend on the 
values of the other predictors.326 This assumption can be formally tested by examining 
statistical interactions between some or all of the predictors.733 For the purpose of simplicity 
and because of the sample size of the derivation data, only the parameters for the main effects 
were estimated, and no interaction terms were included in the model.59 Thus, it is impossible 
to infer whether the effects of each of the clinical features on the probability of AHT are 
dependent on the presence of any of the other clinical features. However, only a minority of 
CPRs contain interactions, and it appears that few investigators assess the interactions 
between predictors during the modelling process; it has been suggested that this approach is 
usually reasonable as interaction terms seldom add to the predictive ability of a CPR.326 Model 
overfitting may occur if many interactions are tested and only the strongest retained in the 
model, leading to overly optimistic performance measures.324  
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An assumption underlying the use of Bayes’ theorem and the LR in clinical diagnosis, 
is the stability of the LR across contexts.753 While predictive values directly depend on disease 
prevalence and thus cannot be directly translated from one setting to another, sensitivity and 
specificity are theoretically mathematically unaffected by prevalence,754 and it is therefore 
commonly believed that they do not vary with disease prevalence.755-757 As LRs are a function 
of sensitivity and specificity, it is assumed that they also remain stable when prevalence 
varies.753 However, a number of studies have demonstrated that this may not always be the 
case in clinical practice and that sensitivity, specificity and LRs may not be as stable as once 
thought.753, 758-764 While it is not always feasible to identify the mechanisms responsible for 
this phenomenon, it is thought that the “spectrum effect” plays a significant role.627, 753, 754, 758, 
765 The spectrum effect describes the variation in the performance of a predictive test 
between different settings and population subgroups.765 Thus, bias may occur when applying a 
CPR to a population of patients with a different clinical spectrum of disease i.e. more or less 
severe or advanced disease, than the population of patients from which the CPR was 
derived.627 Bossuyt766 emphasizes that potential variability of sensitivities and specificities 
between subpopulations does not justify a “burial of Bayes’ rule”, as these measures can be 
considered as average likelihoods of a positive and negative test result in a given 
(sub)population. While the variability in likelihoods may complicate the use of Bayes’ rule, it 
does not invalidate it, as “Bayes’ rule only puts consistency in quantitative statements of 
uncertainty” (p. 5). In addition, absolute certainty on the presence of a condition and absolute 
precision in probability statements are not usually necessary for clinical practice, where action 
is required only when the strength of suspicion exceeds a clinicians’ probability threshold766. 
Nevertheless, the existence of the spectrum effect emphasizes the importance of conducting 
external validation studies of CPRs in patient populations with different clinical spectrums of 
disease, to enhance the generalizability of the CPR.767 In addition, clinicians and investigators 
should discuss possible differences between the settings of the previous derivation and 
validation studies and the setting of a potential impact study prior to conducting an impact 
analysis.315 If possible, external validation should first be carried out in the impact setting and 
if necessary the CPR should be updated in order to tailor it to the new setting.315 However, this 
requires individual patient data regarding the predictors and the outcome from the potential 
impact setting to be available.315  
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4.8.2 Validity, performance and level of evidence of clinical prediction rules for abusive 
head trauma 
When applied in-house to the validation dataset,60 the performance of the 
computerised PredAHT, that provides predicted probabilities for 729 possible combinations 
that arise when one or more clinical features may be unknown, was identical to the 
performance of the original PredAHT. In addition, the tool demonstrated slightly better 
performance in an external validation study in an Australian/New Zealand population. This 
strengthens the evidence for the utility of PredAHT, and raises its level of evidence from a 
Level 2 CPR with narrow validation in similar patients as in the derivation study,60 to a Level 3 
CPR with broad validation in multiple settings by independent investigators.299 Some 
researchers propose that clinicians may use the predictions of a Level 3 CPR with conﬁdence in 
their accuracy.299 While PediBIRN is also a Level 3 CPR, the BIBIS is a Level 2 CPR, and the PIBIS 
remains a Level 1 CPR. This is because, although the published study is described as a 
validation and refinement of PIBIS,701 in reality it is a re-derivation of the CPR,768 as two 
previous variables were excluded from the model.701 Therefore PIBIS requires validation 
before it can be applied to future patients.326, 706, 768 None of the CPRs have yet undergone an 
impact analysis in clinical practice, although as previously noted, a multicentre trial of 
PediBIRN is currently being conducted in the States. According to Wallace et al.,300 a CPR that 
has been derived and broadly validated using pre-defined methodological criteria can be 
considered ready for impact analysis.  
The PediBIRN CPR is the only other CPR for AHT aside from PredAHT that is intended 
for use in an inpatient setting. Taking an arbitrary probability cut-off of 50%, PredAHT has a 
lower sensitivity than PediBIRN but a much higher specificity, and will categorize fewer nAHT 
cases as higher risk for AHT than PediBIRN. PredAHT is designed to assign a specific probability 
of AHT to each individual case, and three of the features (RH, long-bone fracture, rib fracture) 
will only be available at the point in the clinical pathway when ophthalmology and skeletal 
radiology investigations have been completed. As PredAHT can be used at a later point in the 
diagnostic process, this explains and allows for differences in sensitivity and specificity.706 At 
the outset, it is paramount to ensure that cases undergo sufficient investigation, to minimise 
missed AHT, therefore high sensitivity is important. When more investigations have been 
undertaken, a higher specificity is desirable to ensure that an incorrect diagnosis of AHT is 
avoided. As each of the CPRs for AHT apply to different points along the clinical pathway, this 
suggests that they may be used complementarily in clinical practice.706 Of note, while 
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PediBIRN provided probability estimates for each of 16 possible combinations of the four 
features included in their CPR,705 these were calculated by implicitly fitting a saturated model, 
and could have alternatively been estimated by fitting a simple logistic regression model, 
allowing for information borrowing across categories and therefore improved estimation of 
the variance.737 In addition the predicted probabilities arising from the PediBIRN CPR have not 
been validated in their own right. 
4.8.3 Strengths and limitations of the Predicting Abusive Head Trauma clinical prediction 
tool 
Strengths of the computerised PredAHT tool include the highly systematic and rigorous 
approach to its development, its ability to provide a real-time probability estimate of AHT 
when one or more features may be unknown, and the inclusion of LRs and a “sliding scale” 
feature, that allows users to incorporate their own prior probability of AHT and facilitates 
accurate calculation of posterior probabilities. PredAHT was derived and validated based on 
methodological guidelines for the development of CPRs.293, 301 The computerised version was 
developed in line with the MRC framework for the development and evaluation of complex 
interventions,322, 323 following the identification of theories relevant to decision-making in AHT 
and literature regarding the logic of CPRs in Chapter 3, and identification of the evidence-base 
for the use of CPRs for assisting in the identification of AHT.706 The computerised version was 
then externally validated in-house and using an Australian/New Zealand dataset. Roll-out of 
the computerised PredAHT would enable simple application at the bedside, as new 
information is collected. 
With its added capacity to provide a probability of AHT for an individual case where 
one or more of the six features are unknown, PredAHT is currently the only CPR that has the 
potential to contribute to decision-making at multiple points along the assessment and referral 
pathway. It is becoming increasingly apparent that a real-time strategy to impute missing 
values is desirable when applying a CPR in clinical practice.315, 738, 739 Such a task is not typically 
straightforward, as it requires access to the derivation dataset via, for example, a website.738 
By estimating in advance the probability of AHT when one or more features are missing, the 
PredAHT tool circumvents this issue. The inclusion of probability estimates in incompletely 
investigated cases offers an opportunity for clinicians to consider the probability of AHT at 
different stages of the clinical assessment and whether or not further investigations are 
indicated within the context and circumstances that surround the case. To illustrate, in the 
external validation study described in section 4.7, six nAHT cases were assigned a probability of 
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>50% (Figure 4.11). Five of these cases did not have an ophthalmology examination or skeletal 
survey. Completing the investigation would identify whether RH, rib or long-bone fractures 
were present, and refine the probability estimate. For example, in children with ICI and 
head/neck bruising but no information about RH or fractures, the calculated probability of AHT 
is 44.2%. If skeletal survey and ophthalmology were normal this would decrease to 14.7%. 
Conversely, if either long-bone fracture, RH or rib fracture were identified, the probability 
would increase to 70.2%, 85.3%, and 88.5%, respectively. This highlights the importance of 
considering an ophthalmology examination and skeletal survey for those children presenting 
with ICI in the absence of an independently witnessed accident, and suggests that PredAHT 
may encourage the standardisation of these investigations in suspected AHT cases.  
A unique feature of the computerised PredAHT is the “sliding scale” that allows 
clinicians to input their own prior probability of AHT, which is multiplied by the LRs calculated 
for each combination of clinical features to automatically produce a posterior probability of 
AHT. This feature was included following a review of clinical decision-making theory, which 
demonstrated that the revision of probability is the central clinical strategy underlying 
diagnostic reasoning, and highlighted the concordance between this strategy and the 
mathematical properties of LRs.769 This is the only computerised CPR that the researcher is 
aware of that includes such a feature, and it is currently unclear how the incorporation of prior 
probabilities may impact on clinicians decision-making and the use of the CPR. This is explored 
in subsequent chapters. Of note, one of the variables included in the Wells CPR for predicting 
pulmonary embolism is the clinicians’ judgment of whether an alternative diagnosis is more 
likely than a pulmonary embolism diagnosis.770 This CPR has been criticised by some due to the 
subjectivity and non-standardisation of this “clinical judgment” variable,771-773 and because 
this variable is influenced by other factors in the CPR,774 thereby potentially reducing the CPR’s 
diagnostic value and reproducibility.775 However, others have found that this component of 
the CPR has a high predictive value in comparison to the other variables, and that the CPR 
therefore remains valuable for the management of patents with suspected pulmonary 
embolism.776 It is important that a clinician’s prior probability is not based on variables that are 
already included in PredAHT so that the same variables are not used twice in decision-
making.577 
One possible limitation is that, unlike the PediBIRN, PIBIS, and BIBIS, PredAHT does not 
recommend a direct course of action based on the predicted probabilities. Current literature 
suggests that CPRs that provide direct recommendations to clinicians have a greater impact on 
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decision-making and health outcomes than CPRs that simply provide assistive probabilities.295, 
299, 652, 777 However, there is limited empirical evidence for this suggestion as there are few 
studies that directly compare a directive and assistive format of the same CPR.315 Kappen et 
al.315 recently undertook a direct comparison of a directive and an assistive format of the same 
prediction model within a single setting, and demonstrated that the assistive CPR altered 
clinician behaviour but did not improve subsequent patient outcomes, while the directive CPR 
improved both decision-making and patient outcomes. One of the objectives of the feasibility 
study reported in Chapter 7 is to explore how different probability predictions relate to 
clinicians’ CP actions, to determine whether predictions can be translated into decisions.  
Another limitation is that the final version of the computerised PredAHT has not been 
formally user-tested. Guidelines suggest that technological interventions should be tested with 
a sample of users to elicit their perceptions and reactions to the content and design of the 
intervention.778, 779 User-testing provides an opportunity to optimise the usability of a CPR for 
future users prior to implementation,779 which may encourage its adoption in clinical 
practice.780 The final version of the CPR could be formally tested using “think-aloud” 
techniques, where participants are required to use the CPR in front of the researcher while 
discussing out loud their thoughts and opinions.781 This would provide an opportunity to 
understand how clinicians actually interact with and use the CPR in practice. The “think-aloud” 
technique was employed in the vignette study presented in Chapter 6, however this was used 
to capture participants reasoning behind their decision-making in a series of clinical vignettes 
describing suspected AHT, rather than to test the usability of the PredAHT tool per se.748 
Similarly, participants in the empirical studies reported in subsequent chapters suggested that 
if PredAHT were to be made available online or as a mobile application, additional content 
would be required, to explain how the tool was developed and describe its current level of 
validation, with links to relevant publications and literature.747 Others suggested the addition 
of disclaimers, and graphics to display the data on which PredAHT is based.747 The PredAHT 
Shiny app could be embedded into a website containing additional information and resources. 
Due to limited time and resources, it was not possible to develop a website during the time-
scale of this PhD, however if PredAHT were to be implemented in clinical practice, a website 
containing more comprehensive information regarding the tool should be considered for 
development.  
One concern in all studies investigating the diagnosis of AHT is the issue of 
circularity.782 The confirmation of AHT in the systematic review,24 derivation59 and validation 
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studies60 on which PredAHT is based, was established using quality standards designed by the 
research team to minimise circularity, whereby AHT was confirmed only by witnessed AHT, 
perpetrator admission, court proceedings or a thorough assessment by a multidisciplinary 
team of CP professionals (see Table 4.2). Arguably the decision of the multidisciplinary team 
will include a consideration of clinical features, however, this is the case in any clinical 
diagnosis. There are many diseases and diagnoses that are based upon a collection of 
symptoms, signs and clinical history where a gold-standard “diagnostic test” does not exist, 
e.g. Kawasaki syndrome, asthma or indeed the majority of mental health conditions.782 The 
process of identifying such features and formulating a probability of an illness or disease, to 
then seek further information from additional investigations etc. is fundamental to the 
diagnostic process where diagnostic decisions must be made based on clinical criteria and the 
exclusion of differential conditions for the benefit of the patient. One simply cannot make any 
diagnosis without including an assessment of the physical findings.782 In addition, as described 
in Chapter 2, within the CP process there are multiple additional forensic, social and historical 
factors that are included in decisions about the balance of probability of AHT and the risk of 
future harm to the child. Hymel et al.351, 702 chose to design a priori definitional criteria to 
define AHT and minimise circularity; when challenged on the issue that bruising was included 
both in their definitional criteria and their CPR, potentially introducing incorporation bias,737 
the authors responded that of 73 patients with bruising, 61 met other definitional criteria and 
12 remaining patients were subsequently diagnosed with definite/probable AHT by the 
treating clinicians.783  
4.9 Conclusions and implications for this thesis 
This chapter described the previous derivation and validation of PredAHT, critically 
appraised PredAHT alongside other validated CPRs for the identification of AHT, and reported 
the systematic and iterative process used to create the computerised PredAHT tool. PredAHT 
is currently the only CPR for AHT designed for use in an in-patient hospital setting that could 
be used at multiple points in the assessment pathway, and provides predicted probabilities 
and LRs for 729 possible permutations of six clinical features depending on whether each is 
present, unknown, or absent. PredAHT has been validated in multiple settings and is thus 
ready for impact analysis.300 The computerised tool will be used in the following three 
empirical studies investigating the acceptability and potential impact of PredAHT and the 
feasibility of evaluating its impact in clinical practice.  
 
 
 
153 
 
5 Acceptability of the Predicting Abusive Head Trauma clinical 
prediction tool: A qualitative study with child protection 
professionals 
The results from this chapter were published in two articles (see Appendix 6):   
1. Cowley LE, Maguire S, Farewell DM, Quinn-Scoggins HD, Flynn MO & Kemp AM (2018). 
 Factors influencing child protection professionals’ decision-making and 
 multidisciplinary collaboration in suspected abusive head trauma cases: A 
 qualitative study. Child Abuse & Neglect, 82: 178-191. 
2. Cowley LE, Maguire S, Farewell DM, Quinn-Scoggins HD, Flynn MO & Kemp AM (2018). 
 Acceptability of the Predicting Abusive Head Trauma (PredAHT) clinical 
 prediction tool: A qualitative study with child protection professionals. Child 
 Abuse & Neglect, 81: 192-205. 
5.1 Chapter overview 
This chapter presents a novel qualitative interview study with 56 CP professionals 
involved in suspected AHT cases, including clinicians, CPSWs, police officers, pathologists and 
lawyers.187, 747 Factors influencing decision-making and multidisciplinary collaboration in 
suspected AHT cases, and attitudes towards PredAHT were explored. Data were analysed using 
thematic analysis facilitated by the Framework Method. The findings are placed within the 
context of the current literature, and implications for the further development, evaluation and 
implementation of PredAHT are discussed. 
5.2 Introduction 
As described in Chapter 3, a crucial aspect of CPR development is determining its 
acceptability to the population for whom it is intended.299, 301, 784 Phase two of the iterative 
four-phased framework for the impact analysis of CPRs,300 involves assessing the acceptability 
of a CPR and identifying barriers to its uptake and implementation, while the “feasibility and 
piloting” phase of the MRC framework for the development and evaluation of complex 
interventions includes initial testing of the acceptability of an intervention prior to full-scale 
evaluation.322, 323 If a CPR proves to be acceptable in addition to demonstrating a positive 
impact on clinician behaviour and patient care, its long-term and widespread dissemination 
and implementation would be justified; if not, the CPR could undergo modification and further 
evaluation.784 
 
 
154 
 
The evaluation and investigation of suspected AHT is unique in that it requires 
multidisciplinary collaboration, and consultations must be informative to outside agencies as 
well as clinical colleagues.785, 786 Clinicians, police officers and CPSWs must work together to 
jointly determine the likelihood of AHT. All have different responsibilities towards the child yet 
need an understanding of the clinical findings and their relevance. Recent guidelines for the 
evaluation of suspected physical abuse recommend that medical records include a clear 
opinion about the likelihood of physical abuse and should elucidate specific levels of concern 
to aid police and CPSWs’ investigations,333 so that they can gauge the degree of certainty of 
AHT in each case.334 It is proposed that PredAHT may assist clinicians in their discussions with 
social services, law enforcement and other professionals involved in the CP process, and 
support clinicians offering medical testimony in civil or criminal proceedings.59, 60 Therefore, it 
is important to know if PredAHT is acceptable to the range of professionals involved in the CP 
process, including legal practitioners. Assessment of the acceptability of CPRs to those who 
may use them has mostly been limited to training sessions and engagement with local 
stakeholders,306 survey methodology,663, 787 and studies using Likert scales,788, 789 or simulation 
exercises,667, 790 however qualitative methods have the potential to yield more detailed 
information about the acceptability of a CPR.673  
In addition, in order to determine whether PredAHT is likely to be acceptable and useful 
in clinical practice, it is important to understand professionals’ decision-making processes in 
suspected AHT cases. The clinical decision-making theories reviewed in Chapter 3 contributed 
to a deeper understanding of clinical diagnostic decision-making in suspected AHT cases, 
however to date no study has sought to directly explore how CP professionals make decisions 
in these cases using qualitative methods. Much of the evidence regarding the barriers or 
facilitators to multidisciplinary working or the perceptions of professionals working in 
multidisciplinary teams in suspected abuse cases has been anecdotal, or has relied on case 
studies or surveys.786, 791 Furthermore, while survey studies have assessed the factors affecting 
clinicians’ decisions to report suspected abuse,490, 531, 792 these were all conducted in North 
America, and do not address decision-making processes in suspected AHT specifically. There is 
a need to better understand decision-making in suspected AHT cases, the working 
relationships between the different professional groups, whether PredAHT is acceptable to CP 
professionals and whether or not PredAHT it is likely to be used in clinical practice.  
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5.2.1 Aims of the qualitative study 
This study aimed to explore the factors influencing decision-making and 
multidisciplinary collaboration with CP professionals involved in suspected AHT cases, and to 
determine the acceptability of PredAHT amongst these professionals.  
5.3 Methods  
This was a qualitative, face-to-face, in-depth, semi-structured interview study with 
clinicians, CPSWs, legal practitioners, police officers, and pathologists involved in suspected 
AHT cases.  
5.3.1 Rationale  
The purpose of qualitative methods is to develop an understanding of participants’ 
experiences, attitudes, meanings, behaviours and views of social phenomena in natural rather 
than experimental contexts.793, 794 In contrast with quantitative methods, qualitative methods 
allow for rich, in-depth description of the phenomenon under study.795 Qualitative research is 
used to gather and analyse data that cannot be epitomised by numbers; it involves the 
collection, management and interpretation of textual information gained from discourse or 
observation.796, 797 It is increasingly being recognised as an essential component to medical 
research and has been described as compatible with the philosophy of evidence-based 
medicine.794, 798 There are many approaches to the collection and analysis of qualitative data 
that are based on various epistemological perspectives and methodologies.799 The main data 
collection methods that are used are interviews and focus groups. 
Qualitative face-to-face semi-structured interviews were deemed the most 
appropriate data collection method to explore the opinions and views of the participants 
included in this study. It was thought that focus groups were not a practical method of data 
collection for this work due to the busy schedules of the participants. In addition, interviews 
allow for more detailed responses than focus groups, as there is more time for each 
participant to speak, and no interference from other group members.800 Interviews are the 
preferred method when the objective of the research is to explore individual decision 
processes and opinions, when the research is of a sensitive nature, and when probing 
techniques are included as part of the data collection process,800 as is the case in the current 
study. Semi-structured interviews enable the interviewer to build rapport with the 
participants,801 and lead to richer data than might be gained from a more structured approach, 
a survey or a questionnaire. In addition participants can discuss topics pertinent to them, that 
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the researcher may not have anticipated.802 In the context of this research, a semi-structured 
approach enabled exploration of the factors influencing professionals’ decision-making and 
multidisciplinary working during cases of suspected AHT, and their views and opinions about 
PredAHT, allowing issues that were important to the professionals to arise. 
5.3.2 Participant recruitment  
In qualitative research the selection of participants differs from quantitative sampling 
procedures because the aim is to explore the full range of opinions about a phenomenon 
rather than to count opinions or people.803 An adequate sample size is not measured by 
frequencies but by the richness of the data acquired; the purpose is to gather sufficient depth 
of information in order to fully describe the phenomenon under study.804, 805 Therefore, 
purposive and snowball sampling were used to recruit participants for this study. Purposive 
sampling is a non-probabilistic sampling technique, the objective of which is to produce a 
sample that can be “logically assumed to be representative of the population”.806 Participants 
are selected based on their knowledge and experience with the phenomenon of interest.807 
Snowball sampling is another non-probabilistic sampling method whereby participants 
recommend colleagues who are eligible to take part in the study.808 Clinicians, pathologists, 
legal practitioners, police officers and CPSWs likely to be involved in suspected AHT cases 
across south west United Kingdom were targeted, as these are professionals who may 
potentially benefit from the use of PredAHT. The sampling frame was generated by compiling a 
list of 175 potential participants, who were identified through personal contacts of the 
research team and organisational websites. Contacts were sent an information sheet to 
explain the study (Appendix 7), and were asked to suggest suitable participants for interview. A 
modified version of the information sheet was sent to clinicians who were also recruited for 
the vignette study reported in Chapter 6 (Appendix 8). To generate a sample to approach for 
participation, the sampling frame was stratified by profession and seniority. Clinicians were 
also stratified by hospital type (teaching versus district) and specialty (community paediatrics, 
general paediatrics, radiology, emergency medicine, neurosurgery). Within these strata, a 
random sample of individuals was drawn, roughly in proportion to the size of the stratum. For 
example, a greater number of clinicians were approached as there were a greater number of 
clinicians in the sampling frame compared to individuals from the other targeted professions. 
Individuals were excluded if they were unlikely to ever be involved in a suspected AHT case, as 
PredAHT would be of no relevance to them. Individuals were contacted via email, with the 
exception of judges who were sent formal letters of invitation.  
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Although purposive sampling is the most frequently used form of non-probabilistic 
sampling, guidelines for determining sample sizes using this method are scarce.809 The concept 
of “thematic saturation” or “data saturation” is often referred to in the qualitative literature, 
whereby interviews cease at the point when no new insights are obtained or there are no new 
patterns identified in the data, however it is often poorly operationalised.810, 811 Kuzel812 
recommended six to eight interviews for each homogeneous sample but provided no evidence 
to support this recommendation. In an experiment with data saturation, Guest et al.809 found 
that 94% of their high frequency codes were identified within six interviews. Based on this, in 
the present study, the aim was to recruit a minimum of six professionals in each group; 
however, recruitment and interviews continued until no novel insights from each group were 
generated from the data. In the interests of transparency, the procedures and criteria used to 
determine and achieve thematic saturation are fully described and explained in section 5.3.6.3.  
5.3.3 Interview schedule 
The semi-structured interview schedule was developed by the researcher and a visiting 
student, discussed within the supervisory team and revised accordingly (Appendix 9). 
Questions were derived from the scientific literature on the identification of AHT and the 
acceptability of CPRs, discussed in Chapters 2 and 3, respectively. The schedule was piloted 
with one police officer and one clinician, regarding the appropriateness of the length and 
content, and amended accordingly. The schedule was comprised of core open-ended 
questions, prompts and probing or clarifying questions.813 Open-ended questions allow 
respondents to explain their own views and experiences as fully as possible, prompt questions 
ensure that key issues are addressed should the participant fail to provide initially detailed 
responses, and probing questions are used to elicit further insight.813 Interviews explored four 
main themes 1) factors influencing participants’ decision-making and multidisciplinary 
collaboration in suspected AHT cases187 2) participants’ evaluations of PredAHT 3) participants’ 
opinions about how to present the calculated probabilities, and 4) participants’ interpretation 
of probabilities in the context of suspected AHT.747  
Although a specific set of topics was explored during the interviews and the questions 
were planned well, in semi-structured interviewing the schedule need not be strictly 
followed.814 The researcher is able to deviate from the interview schedule to investigate other 
areas that may be raised by participants and to explore the concepts that arise as each 
interview evolves.815 Responses from earlier interviews influenced the questions of later 
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interviews, and the interview schedule was continually revised and updated as data collection 
and analysis progressed.  
5.3.4 Data collection procedure 
All interviews were conducted by the researcher, who has received extensive training 
in qualitative research methods and qualitative interview techniques. No relationship was 
established between the interviewer and participants prior to the study. All participants were 
given the participant information sheet to read and keep (Appendix 7 and 8). Informed 
consent was obtained, including permission for audio recording (Appendix 10). Participant 
demographic data were collected in order to describe the characteristics of the sample, as well 
as information regarding participants’ CP experience and training (Appendix 11). Prior to 
commencing the interview, the interviewer explained the purpose of the interview and digital 
recorder; clarified the topic under discussion and the length and structure of the interview; 
and gave assurance of confidentiality. The interviewer also gave a short demonstration of 
PredAHT to each participant on a laptop computer, briefly described how it was developed and 
explained its intended purpose. All participants were told that the tool is for clinicians to 
complete, and that the results are not intended to be used in isolation from other information 
gathered as part of an investigation into suspected AHT.  
Interviews were conducted in the participants’ office or a meeting room at their 
workplace. A visiting student was present to record relevant field notes such as participant 
non-verbal behaviour, response to the interview, and critical reflections about the interview. 
Two of the interviews were small group interviews, one including five lawyers (two barristers 
and three solicitors) and one including three circuit judges, as these participants were available 
for interview at the same date and time. During group interviews, personal interaction 
between the participants was minimised, to maximise individual contributions from each 
participant. When two participants declined to be audio recorded the interviewer made 
detailed notes of their responses and sent these to the participants to check that they were a 
fair reflection of their views. Both participants responded by annotating and editing the notes 
to provide clarification. All participants were given a debriefing form explaining the purpose of 
the study at the end of the interview (Appendix 12). Interviews lasted approximately 45 
minutes. Interviews with CPSWs, legal practitioners, police officers and pathologists took place 
between June and September 2015; these professionals were shown Version 1 of the 
computerised PredAHT, as described in Chapter 4. Interviews with clinicians took place 
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between May and September 2016; all clinicians were shown Version 2 of the computerised 
PredAHT, as described in Chapter 4. No repeat interviews were conducted.  
5.3.5 Ethical and governance issues 
5.3.5.1 Ethical approval 
This study received ethical approval from the Cardiff University School of Medicine 
Research Ethics Committee (Ref: 15/35) on Wednesday 27th May 2015 (Appendix 13). An 
amendment to the study protocol was submitted on 21st August 2015 to request recruitment 
of clinicians in addition to the other professional groups already included. The amendment was 
approved on Friday 9th October 2015 (Appendix 14).  
5.3.5.2 Data management 
Data were stored and managed in accordance with the Data Protection Act 1998. 
Audio recordings and transcripts were securely stored on a password-protected, confidential 
Cardiff University server. All audio recordings, transcripts, consent forms and demographic 
data will be held securely for 15 years, in line with Cardiff University research data policies. 
After this, all data will be destroyed.  
5.3.5.3 Ethical considerations 
Child abuse and particularly AHT is an emotive and sensitive subject and there were 
some ethical issues around discussing suspected AHT cases with participants. Participants were 
informed that the recorder could be stopped at any time and were reminded of their right to 
withdraw from the study at any point during the interview or beyond. Building rapport and 
gaining the trust of participants was imperative due to the highly emotive and often personal 
topics raised. For example, some participants reflected on past cases of AHT that they or their 
colleagues had misdiagnosed, and the consequences of this. It was important that the 
participants did not feel that they were being tested or judged on their knowledge or decision-
making practices. Participants were assured that they did not have to answer any questions 
that made them feel uncomfortable. 
Prior to commencing the interview, participants were informed that should they wish 
to discuss a particular case, they were not required to impart any identifiable details of the 
persons involved, and were given assurance of strict confidentiality. The ethical principles of 
Cardiff University were upheld at all times and the study was carried out according to the 
principles of the Declaration of Helsinki.816  
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5.3.5.4 Reflexivity  
In qualitative research it is imperative to adopt a reflexive approach to the collection 
and analysis of data.797, 817, 818 Reflexivity is the process of critical self-evaluation of the 
researcher’s background and positionality, including characteristics such as age, gender, race, 
personal experiences, values, knowledge, beliefs, and biases, and explicit acknowledgement 
that this position may impact the research process and findings.819-823 By accounting for the 
researcher’s assumptions and preconceptions, reflexivity is used as a means to enhance the 
rigour, quality, accuracy and ethics of a research study.819, 821, 824 Reflexivity can help to ensure 
the research process is ethical by minimising potential power imbalances between the 
researcher and the participants.821 Spencer et al.818 identified three components of reflexivity: 
being aware of how biases may arise, attempting to minimise the impact of the researcher on 
the data collected, and attempting to address bias through systematic and comprehensive 
analysis and reflection on the research methods used.  
Throughout the study, the researcher considered how her own characteristics, 
assumptions and preconceptions as a PhD student researching decision-making in AHT and 
developing PredAHT might influence her interview responses or the interpretation of the 
findings. The researcher was familiar with the literature on decision-making in AHT at the 
outset of the study, and therefore had opinions regarding how decisions should be made in 
suspected AHT cases. Where the researcher’s knowledge of the subject area exceeded that of 
the participants’ knowledge, this had the potential to create a power imbalance between the 
researcher and participant. Going into interviews with clinicians, the researcher was acutely 
aware of her status as a non-medical student with no medical training but nevertheless 
conducting PhD research in a medical topic, and how this may affect the power relationship 
between the researcher and the participant. Similarly, going into interviews with so-called 
‘elite’ participants such as judges and legal practitioners, the researcher was very conscious 
that these professionals are often accustomed to exerting control and influence over others 
and considered the impact this status imbalance may have on the interview schedule and 
procedure.825 Finally, going into all interviews, the researcher had a vested interest in 
PredAHT, believing and hoping that it would be useful for the participants when investigating 
suspected AHT cases. It was therefore difficult to receive criticism or negative opinions about 
PredAHT. The researcher kept a reflective journal in an attempt to minimise any potential bias, 
to develop her personal interview skills, and to capture the key points and essence of each 
interview immediately following completion.813, 826 An excerpt from the journal is included in 
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Appendix 15. To break down power imbalances, every effort was made to build a rapport with 
the participants, and ensure that the interview was guided by them, but stayed on-topic. The 
researcher made sure not to ask any leading questions or impose their own views on the 
participants. During ‘elite’ interviews it was important that the researcher was flexible with 
regard to time and interview structure, and good etiquette was maintained to ensure high 
professional standards.827 During data analysis, reflexivity was essential to avoid “unconscious 
editing” based on the researchers position.828 The researcher inspected the data and the 
interpretations developed for possible competing conclusions and involved other qualitative 
researchers in the analysis to reduce subjectivity. 
5.3.6 Data analysis 
Data were analysed using thematic analysis799 facilitated by the Framework Method829 
and the constant comparative method.830 
5.3.6.1 Epistemological position  
It is imperative within qualitative research to acknowledge the epistemological 
position underpinning the analysis of the data.799 Crotty831 defined epistemology as the theory 
of knowledge embedded in a methodology and a methodology as a strategy or process 
underpinning the choice of methods. Epistemological positions include realism and 
constructionism, while ethnography, discourse analysis and grounded theory are 
methodologies, although grounded theory may also be classified as a method.799, 831 Data 
analysis methods include thematic analysis, content analysis, interpretive phenomenological 
analysis, conversational analysis and narrative analysis. 
In this study, the most appropriate analysis was considered to be a thematic analysis 
facilitated by the Framework Method, conducted within a critical realist paradigm and based 
on certain principles of grounded theory, namely the constant comparative method. Thematic 
analysis is an analytic method that aspires to identify, interpret and describe patterns and 
themes across data.799 Similar to grounded theory, thematic analysis facilitates the generation 
of codes and themes that are grounded in the data.799 However, grounded theory seeks to 
develop an overarching theory concerning the social processes involved in the phenomenon 
under study,832 while thematic analysis does not. Braun and Clarke799 proposed that 
researchers conducting a thematic analysis need not adhere to the full theoretical 
commitments of grounded theory if they do not wish to guide their analysis towards theory 
development. The current study was not concerned with theory generation but with 
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understanding factors influencing professionals’ decision-making and multidisciplinary working 
in suspected AHT cases, and their views and opinions about PredAHT. A thematic analysis of 
participants’ narratives was thought to lend itself well to developing an understanding of these 
issues. A general inductive approach was adopted, enabling the analysis to be guided by both 
the aims and objectives of the research, and the raw data.833, 834 
Neither thematic analysis nor the Framework Method are bound to an 
epistemological position.799, 829 The epistemological position for this study was critical 
realism.835 This position sits between the two poles of realism and constructivism, theorizing 
that while language constructs our social realities, these constructions are constrained and 
influenced by extra-discursive elements in the material world.835 Thus, critical realism 
acknowledges “the ways individuals make meaning of their experience, and, in turn the ways 
that the broader social context impinges on those meanings, while retaining focus on the 
material and other limits of ‘reality’”.799(p.9) From a critical realist perspective, the concept of 
child abuse is a social construction defined within a historical, cultural, social and economic 
context.32, 836 Denial in child abuse is a global problem, operating at the individual, official and 
cultural level,837 and, as described in Chapters 2 and 3, individuals exhibit bias and variability in 
investigating and identifying abuse. So-called extra-discursive elements that influence the 
social construction of abuse include physical elements such as bodily abnormalities, e.g. 
fractures and bruises; material resources and technologies such as microscopic cameras and 
cranial scans; and institutions and social infrastructures such as governments and laws.838, 839 
Medical professionals, CPSWs, police officers and legal practitioners each have their own 
knowledge and professional perspectives regarding the meanings ascribed to the material and 
physical aspects of abuse, which are not neutral but embedded in power relations.839 Thus, 
critical realism was chosen as an epistemological position to acknowledge that “the reality of 
child abuse is made both in the physical happening of it and also in how we perceive and 
respond to it”.838 
5.3.6.2 The Framework Method 
Data analysis began shortly after the first interview was conducted, and followed a 
highly systematic and rigorous procedure. The Framework Method was used to manage, 
summarise, display, and synthesise the data and to facilitate analysis.829 The Framework 
Method is ideally suited for supporting thematic analysis as it provides a structured model for 
managing interview data, and it is particularly useful to support analysis of large datasets. 
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Quotes from individual participants are organised by themes and categories, generating a 
matrix style output.840 This enables in-depth analysis across the whole dataset while also 
allowing for comparisons within and between individual participants and groups. 
Analysis proceeded under seven phases: transcription, familiarisation, coding, 
developing an analytic framework, applying the analytic framework, charting data into 
framework matrices, and interpretation.829 Audio-recordings of interviews were transcribed 
verbatim; the researcher checked each transcript for accuracy and ensured familiarisation with 
the data by listening to the audio-recordings. Initial codes were generated independently by 
the author of this thesis and two other researchers trained in qualitative methods; a code is a 
word or short phrase that captures the essence of a portion of qualitative data.841 Data were 
first coded manually using hard copies of the transcripts. Manual coding is recommended 
alongside the use of assistive software in order to permit researchers to explore the data in 
different ways.841  
The three researchers compared codes during joint analysis sessions, and grouped 
initial codes into clearly defined categories using axial coding, the process of relating codes to 
each other.841 Categories were then further arranged under the four main overarching themes 
explored in the interviews (described in section 5.3.3). Discrepancies between coders were 
resolved by discussion and consensus. This process was undertaken in an attempt to minimise 
individual biases in the results; 38% of the transcripts were independently double-coded. The 
joint analysis also enabled the development of a preliminary analytic framework. Categories 
and themes from the preliminary analytic framework were then applied to subsequent 
interviews by indexing each transcript. Transcripts were imported into the data analysis 
software package NVivo.842 NVivo was used to organise and manage the data and assist with 
data analysis. Quotes pertaining to each main theme were retrieved and summarised or 
‘charted’ into thematic framework matrices. Each theme had a separate matrix, with 
categories as column headings and participants as rows (e.g. Appendix 16).  
5.3.6.3 Constant comparison 
As more interviews were conducted, new codes and categories were generated from 
the data. In order to verify thematic saturation, the constant comparative method was 
employed, a method originally stemming from grounded theory.843 Constant comparison 
involves systematically comparing cross-sections of your data in order to hone your categories 
and themes, and is greatly facilitated by the Framework Method through the review of data 
across thematic matrices.829 A purposeful approach to constant comparison was 
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undertaken.830 Previously coded transcripts were continually revisited and compared with new 
transcripts to check whether any of the newly generated codes applied to the data and 
whether existing categories could be developed or refined. Data within and between the 
professional groups were compared to search for patterns and commonalities or differences. 
Categories were compared with each other to explore potential relationships between them 
and assess whether they could be collapsed or integrated into other categories, and quotes 
under each category were compared and reviewed for consistency and coherence. Throughout 
the analysis process, analytic memos were written to capture any thoughts, ideas or 
reflections about the developing categories and their relationships. When additional 
interviews failed to generate novel categories and data were easily assigned to existing 
categories, thematic saturation was reached and recruitment ceased. As new categories were 
developed, the analytic framework was amended accordingly (Appendix 17).  
5.3.6.4 Themes, categories and subcategories  
The final phase of the analysis involved abstraction and interpretation of the data. 
Factors that were perceived to influence decision-making in cases of suspected AHT (Theme 1) 
were categorised as either ‘professional’, ‘medical’, ‘circumstantial’, ‘family’, ‘psychological’, or 
‘legal’ factors. These factors were reviewed to identify barriers and facilitators to decision-
making. Participants’ evaluations of PredAHT (Theme 2) were categorised as ‘potential 
benefits of PredAHT’, ‘potential risks of PredAHT’, ‘provisos for the use of PredAHT’, ‘use of 
PredAHT in court’ and ‘clinicians’ views about the practical use of PredAHT’. Participants’ 
opinions about how to present the calculated probabilities (Theme 3) were categorised as 
‘percentage probabilities versus broad risk categories’, ‘confidence intervals’ and ‘additional 
suggestions.’ Finally, participants interpretation of probabilities in the context of suspected 
AHT (Theme 4) were categorised under ‘threshold criteria’ and ‘comments about PredAHT 
scores’. The systematic synthesis of the data excerpts into thematic matrices enabled a final 
inspection of the categories across cases, to identify subcategories, i.e. the range of different 
elements being described under each category. All subcategories and their definitions are 
detailed in the analytic framework (Appendix 17). The relationship between codes, categories, 
themes and subcategories is depicted in Figure 5.1. Samples of analysed transcripts from each 
of the professional groups are included in Appendix 18. Participants were not asked to provide 
feedback on the study findings. 
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Figure 5.1 Relationship between a code, category, theme and subcategory 
 
Adapted from Saldana 841. 
5.3.7 Reporting 
This study is reported in accordance with the Consolidated Criteria for Reporting 
Qualitative Research (COREQ) guidelines844; a checklist is included in Appendix 19. 
5.4 Results 
Data are presented using quotations, selected as examples of the categories that were 
generated from the data. Within the quotations, square brackets represent text inserted by 
the researcher for clarification. Word repetitions and irrelevant sections were removed and 
denoted by ’…’.  Subcategories are highlighted in bold text. Additional quotations are 
presented in Appendix 20.  
5.4.1 Response rates 
Response rates to interview invitations for the five professional groups are shown in 
Figure 5.2. Initial response rate across the five groups was 78% (76 of a total of 97 
professionals approached). Of those who initially responded, 74% (56 of 76) participated, 
including 25 clinicians, ten CPSWs, nine legal practitioners (including four judges), eight police 
officers and four pathologists. Most participating clinicians were experienced consultants or 
associate specialists, two were trainee doctors and one was a nurse. Senior CPSWs were team 
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managers, who had a greater number of years of CP experience than their junior counterparts. 
Senior police officers were inspectors or chief inspectors, and junior police officers were 
constables or sergeants. Judges had the greatest legal seniority with the responsibility of 
delivering the judgment on the evidence submitted by barristers or solicitors, and forensic 
pathologists had more experience of CP investigations than the paediatric pathologist. Nine 
participants were recruited from south west England, while 47 were recruited from south west 
Wales. Data regarding the demographics and characteristics of non-responders and non-
attendees were not collected. 
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Figure 5.2 Flowchart of child protection professionals participating in an evaluation of the 
acceptability of the Predicting Abusive Head Trauma clinical prediction tool 
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5.4.2 Participant demographics and characteristics 
Participant demographics, and their CP experience and training are reported in Table 
5.1.  
5.4.3 Participant familiarity with clinical prediction rules 
Altogether 15/25 (60%) clinicians, 1/4 (25%) Judges and 2/4 (50%) pathologists were 
familiar with CPRs and overall had a positive opinion of them. None of the CPSWs, barristers, 
solicitors, or police officers were aware of them. Six of 25 clinicians had previously used a CPR.
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Table 5.1 Demographics of child protection professionals participating in an evaluation of the acceptability of the Predicting Abusive Head Trauma 
clinical prediction tool 
 Clinicians  
(N=25) 
CPSWs 
(N=10) 
Legal Practitioners 
(N=9) 
Police Officers 
(N=8) 
Pathologists 
(N=4) 
 n % n % n % n % n % 
Gender      
   Female 16 64 7 70 7 78 3 37.5 0 0 
   Male  9 36 3 30 2 22 5 62.5 4 100 
Age group            
   25–34  2 8 2 20 2 22 0 0 1 25 
   35–44 11 44 5 50 1 11 5 62.5 1 25 
   45–54 8 32 1 10 4 45 3 37.5 1 25 
   55–64 4 16 2 20 2 22 0 0 1 25 
Ethnicity            
   White British 19 76 10 100 8 89 8 100 4 100 
   White Other 4 16 0 0 1 11 0 0 0 0 
   Indian 2 8 0 0 0 0 0 0 0 0 
Years in CP            
   <5 0 0 2 20 1 11 3 37.5 0 0 
   5–9 6 24 3 30 1 11 2 25 2 50 
   10–20 7 28 4 40 4 45 3 37.5 0 0 
   >20 12 48 1 10 3 33 0 0 2 50 
CP training            
   Yes 25 100 10 100 3 33 7 87.5 4 100 
   No 0 0 0 0 6 66 1 12.5 0 0 
Pediatric HI training            
   Yes 18 72 1 10 3 33 4 50 3 75 
   No 7 28 9 90 6 66 4 50 1 25 
CPSWs = child protection social workers, CP = child protection, HI = head injuries.
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5.4.4 Theme 1. Factors influencing decision-making and multidisciplinary collaboration in 
suspected AHT cases 
Participants discussed a wide range of factors perceived to influence their decision-
making and multidisciplinary collaboration in suspected AHT cases. ‘Barriers’ to decision-
making were defined as factors that were thought to complicate the decision and contribute to 
remaining undecided about whether AHT had occurred. ‘Facilitators’ on the other hand were 
defined as factors that made the decision easier and could lead to a diagnosis being made.  
5.4.4.1 Professional factors 
Participants’ perceived role in the decision-making process differed by professional 
group. All community and general paediatricians agreed that it is within their remit to come to 
a decision as to whether a child has suffered AHT, as part of a multidisciplinary team. 
Emergency medicine specialists, radiologists, the neurosurgeon and the paediatric pathologist 
would raise concerns with other colleagues, but not make the final diagnosis. Two forensic 
pathologists would provide a steer to other professionals, while one stated that it was not 
their job to make decisions about abuse. Barristers and solicitors, the neurosurgeon and one 
forensic pathologist believed that it is the role of the court and ultimately the judge to decide 
whether a child has suffered AHT.  
“I suppose in every case you wonder whether that’s happened, but it’s not 
for us to ultimately make that decision, we just have to present the 
evidence and it’s for the judge to make the decision at the end of the day.” 
Legal Practitioner 2 
Judges and CPSWs reported that their role in suspected AHT cases is to protect the child from 
future harm, rather than to determine whether AHT has occurred per se.   
“What the [family] court has to decide is…has this child suffered significant 
harm? Or, does the evidence disclose, based on facts that you can find that 
there is a real possibility of significant harm in the future…so in terms of us 
deciding was this a non-accidental injury or an accidental injury, in some 
cases it won’t make any difference to a decision that we have to make 
because you can have a very serious accident that will occur as the result of 
an inappropriate carer, or an unsafe carer, or a lack of supervision.” Judge 3 
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Many participants reported that they are reliant on other professionals throughout 
the decision-making process. CPSWs and police officers stated that they are heavily reliant on 
medical professionals to come to a decision as to whether AHT has occurred, and to guide 
their decision-making. This is due to their own lack of medical training and knowledge. The 
more experience these participants had investigating suspected AHT, the more knowledge 
they appeared to have.  
“To support my decision-making I would rely heavily on what consultants 
are telling us, what the experts are telling us about those injuries and what 
the likely cause is, and what’s acute, what’s not, what’s explained, what 
could potentially cause this. So yeah, major, major reliance on that clinical 
information, I can’t emphasize that enough…I would rely quite heavily on 
that expert view, and the views of those medical professionals with child 
protection experience.” Police Officer 7 
“We’re not trained medically to know whether something’s accidental or 
non-accidental. We can have an opinion on it, but it won’t be based on 
research and training.” CPSW 9 
“I’m not a doctor, I’m not a medical expert, I’d want some clear guidance 
from the doctors about what they think, but having some experience now, 
no training, but some experience of dealing with these cases, I’m able to 
ask some relevant questions of the doctors.” Police Officer 6 
Judges explained that they rely on medical professionals to conduct a timely and high quality 
clinical investigation in suspected AHT cases, to facilitate the decision-making process in a 
court environment. In addition, legal practitioners and CPSWs said that they expected medical 
professionals to be able to categorically determine the cause of the child’s injuries by the 
clinical features alone.  
“We have experience of saying to the medics to pin down to an absolute, 
this is the way it happened...and they will always say...I can’t tell you that.” 
Legal Practitioner 1 
However, clinicians and pathologists highlighted that other professional groups shouldn’t be 
relying solely on them to come to a decision about suspected AHT. 
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“What I do with the police with these cases is actually say to them look, you 
shouldn’t be relying on me. A case depends on lots of different bits of 
evidence.” Pathologist 3 
Many CPSWs, police officers and legal practitioners, including judges, said that decision-
making is more difficult when medical professionals are unable to provide them with a clear 
answer as to whether AHT has occurred or not, or when they will not commit to a view either 
way. 
“Often if there are clear injuries and the medics are actually saying that it is 
non-accidental then there is a clear process for us to follow. That makes it 
easier, it makes it a lot harder when health professionals are sitting on a 
fence.” CPSW 3 
However, CPSWs and police officers explained that the majority of the time medical 
professionals will express their suspicions to other agencies, which facilitates the investigative 
process, and if clinicians remain unsure, CPSWs and police officers said that they would 
continue their investigations regardless.  
“I mean, 9 times out of 10 it’s fairly self-evident. I was able to have 
generally an open and honest discussion with the paediatrician, that 
paediatrician would say, ‘In my opinion, this is what you’ve got. Either it’s 
non-accidental or I’m concerned its non-accidental’. In which case they’re 
both dealt with in pretty much the same way and investigated 
appropriately. It’s fairly straight forward…But if they say, ‘I’m unsure’. Then 
we still run with it anyway.” Police Officer 3 
“We usually get perhaps an initial medical report to say it’s felt that these 
injuries are non-accidental…so initially you do get a concern that it is non-
accidental.” CPSW 6 
Although clinicians stated that they rely on other agencies to assist them in making decisions in 
suspected AHT cases, they reported that they seek support and advice from clinical colleagues 
to a greater extent.  
“We can always speak to colleagues and we’re never in it by 
ourselves…we’re always in discussion with colleagues. I have never been in 
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the situation where I’ve said, ‘Right, I’m the only one making that call.’ 
You’re always discussing it with other people and so that certainly lessens 
the burden on you when you have to make those decisions. Even though 
you may be the person who is called to go to a strategy meeting or the case 
conference or actually to court you will have had those discussions with 
colleagues as well…you become confident because we reassure each other 
that that’s the diagnosis.” Clinician 5 
CPSWs and police officers said that overall, they have had positive experiences with 
multidisciplinary collaboration.  
“We had, and we still do have, very good working relationships with health 
professionals, with paediatricians in particular.” Police Officer 3 
“Generally I find it’s quite positive working with other agencies around 
safeguarding children.” CPSW 2 
“I think we’ve generally got a great relationship with the forensic pathology 
team.” Police Officer 7 
However, a handful of participants felt that multidisciplinary working is a barrier to decision-
making due to competing interests and disagreements between professionals both within and 
across agencies.  
“Working with other agencies [is difficult] really, sometimes coming from 
competing backgrounds and also from here even you know, decision-
making by managers is not always the same it can be varied.” CPSW 3 
CPSWs and police officers also reported that delays can occur while the other agencies are 
carrying out their own assessments, which impacts on the overall investigation.  
“We’re guided a lot by medical staff; waiting for their statements to come 
through…It can take a long time. It can take months sometimes, you get an 
initial report but it’s very much really not until towards the end where you 
really know what you’ve got.” Police Officer 5 
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Police officers reported that they are often influenced by the amount of resources 
they are able to put into an investigation. They reported that more severe cases are better 
resourced. 
“Do you say, ‘This is definitely non-accidental?’ In which case you’re going 
to put a lot more resources in it. Or is it one of those really difficult ones to 
gauge and you know you’re not going to have the budget to do absolutely 
everything.” Police Officer 2 
Some participants felt that coming to a decision about whether AHT has occurred is 
extremely difficult, while others did not.  
“I think it is probably the most stressful and difficult set of decisions that 
one has to make in medicine. Partly due to the difficulty of coming to 
conclusions.” Pathologist 3 
“It’s not that it’s difficult, I think it just needs a lot of consideration and a lot 
of thought and weighing of the evidence rather than the actual decision 
being difficult. If the evidence is strong enough, I think the decision to be 
made is not that difficult.” Clinician 6 
Participants reported that their confidence when investigating suspected AHT cases 
is strongly related to the amount of experience they have.  
“I’m confident in dealing with the family, knowing my role, knowing the 
role of other professionals, but that might just be because I’ve been doing 
this for such a long time.” Police Officer 5 
“I’d say I was not very confident working on these cases, without a doubt, 
because I haven’t worked on many physical abuse cases.” CPSW 9 
In terms of professional decision-making strategies, participants’ discussed the 
importance of ‘seeing the bigger picture’ in suspected AHT cases, and piecing together 
evidence from various different sources.  
“It’s a bit like a jigsaw puzzle to put together a number of different pieces 
of evidence to see if you can get any closer to the truth.” Judge 3 
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5.4.4.2 Medical factors 
Participants mentioned a range of clinical features that they understood to be 
concerning for abuse, including intracranial injuries, encephalopathy, retinal haemorrhages, 
fractures, apnoea, seizures, spinal injury, and evidence of external injury such as bruising, bites 
or burns. They also recognized that specific patterns of injury are suspicious for abuse, 
including posterior rib fractures, metaphyseal fractures, patterned bruising and certain 
distributions of intracranial and retinal haemorrhages. Some also mentioned that fractures or 
intracranial bleeds of different ages are indicative of previous abuse or multiple incidents of 
abuse. 
“If we are beginning to be concerned about abusive head trauma we would 
get an eye examination, so the presence of any retinal haemorrhages 
would be corroborative evidence, but particularly multi-layer widespread 
dot, blot and flare haemorrhages, other evidence of intraocular bleeding…I 
would be expecting or might see multiple focal thin layer subdural 
haemorrhages in different brain compartments.” Clinician 10 
Clinicians and pathologists explained that they refer to the literature and evidence-base on the 
different types of injury seen in abusive and non-abusive trauma when investigating suspected 
AHT cases, which gives them more confidence in their decisions. 
“I’ve been through a lot of the literature about it…so that has helped me in 
feeling maybe more confident about these cases.” Clinician 7 
“First of all I see whether there is any injury and decide what sort of injury 
it is, whether it’s a blunt force injury or sharp force injury etcetera and then 
the distribution of the injuries on the body, and then relate the distribution 
that I find with what I know about the literature on different patterns of 
injury for assault or accident, falls.” Pathologist 1 
Some participants, particularly police officers, said that they have a high suspicion of AHT 
when the “triad” of subdural haemorrhages, encephalopathy and retinal haemorrhages is 
present. However, importantly, these were not the only features that these participants said 
they considered when coming to a decision about AHT.  
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“Once you get the triad of injuries and everything else, if you’ve got some 
attending injuries that appear to be evidence of abuse, in my view that 
would fuel the theory that there has been abusive head trauma. So for 
example if I had a child present in hospital with a head injury and they had 
bruising elsewhere on their body, that would make me more concerned 
about the head injury because of the evidence of abuse elsewhere.” Police 
Officer 3 
One CPSW alluded to the “triad” of injuries, demonstrating a lack of training on the clinical 
indicators of AHT, an out-dated view of the features of the “triad” as diagnostic for AHT, and a 
lack of knowledge of the potential differential diagnoses of retinal haemorrhages.  
“We haven’t had proper training on this...I had training when I was studying 
my degree, but I had it drummed into me that if there’s subdural 
haemorrhaging, retinal haemorrhage, it’s abuse. Am I right in thinking that 
there can be no other organic cause for retinal haemorrhage?” CPSW 1 
Participants said that it is important to rule out organic medical conditions in children 
with suspected AHT, listing a variety of differential diagnoses they would consider, including 
blood clotting disorders, birth trauma, and glutaric aciduria among others.  
“We would need the bloods, we would want to be screening for a 
significant coagulation disorder you know these kids often have a 
coagulation disorder after the event, so you need to confirm whether the 
coagulation disorder returns to normal after the child has been 
resuscitated. You would probably want to go back and re-examine the child 
looking for evidence of connective tissue disorders, you would want to 
review the family history, is there anybody in the family with a coagulation 
or connective tissue disorder.” Clinician 10 
One pathologist pointed out that abuse can still occur even when a child has an organic 
condition.  
“I think that sometimes it is forgotten that even with natural pathology, it 
doesn’t preclude there being something deliberate to go with it.” 
Pathologist 2 
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Similarly, participants reported that they often link the injuries to the mechanism 
purported by the carers, and deliberate over the plausibility of this.  
“If I saw a head injury where there was not obviously impact, I would be 
looking for corroboration of the application of force somewhere, because 
as soon as you find a bruise or a fracture, or a graze or a split at whatever 
level in the body skin, soft tissues, the skeleton, you have what is 
undeniably the application of force and that helps you…the pattern of rib 
fractures indicates that there has been compression of the chest…the head 
injury may indicate impact or deceleration.” Pathologist 3 
“They could be toddling couldn’t they, if they fell down the stairs from the 
top floor to the bottom they could have a brain injury couldn’t they 
depending on the floor downstairs, they might have got a stone floor…but 
you wouldn't expect to have the other stuff there.” CPSW 8 
Participants reported that a clear factor influencing their decision-making is the 
severity of the injuries sustained. They believed that an intracranial bleed or rib fracture in a 
young child are serious injuries, and the more clinical features a child has, or the more 
impaired they are, the more likely participants said they are to suspect AHT.  
“My decision really would be based on the fact that I think you’re talking 
about trauma here, a brain injury, if that’s where we’re looking at it, it’s a 
really serious condition isn’t it? So you’ve got to do everything you can to 
make sure that that child is safe, and there’s no risk that this could happen 
again.” CPSW 9 
Participants discussed dealing with uncertainty in medicine, and in the CP arena in 
particular, stating that so-called “grey” cases, where there is considerable uncertainty 
surrounding a diagnosis of AHT, are the most difficult. 
“Medicine is rarely black and white, there are shades of grey in the middle 
of it, and often these are quite dark grey. You’re pretty certain, there was a 
while where I felt slightly less sure, but most of them I felt reasonably 
confident, given if there’s that constellation of injury, in the absence of an 
adequate explanation.” Clinician 17 
 
 
178 
 
“Regularly in child protection we find ourselves in a situation where it’s not 
100% clear the person’s guilty or the offence has happened, neither is it 
100% clear that there is an innocent explanation, and left this grey area in 
between. Well there’s still a risk, something possibly, or probably 
happened, but we can’t prove it, can’t rule it out, so where do we go with 
that…you know the grey area ones.” Police Officer 6 
Clinicians reported that it is hard for them to convey to other agencies that a case may not be 
clear-cut.  
“We are often trying to explain things to people who don't necessarily 
understand the uncertainty in medicine like police and social workers.” 
Clinician 11 
5.4.4.3 Circumstantial factors 
Participants discussed the specific circumstances surrounding the incident in 
suspected AHT cases, including the explanation given for the child’s injuries and details of their 
presentation to the hospital.  
“What I’d be looking to do is looking at the accounts that have been given 
to the attending officers, the accounts given to the paramedics, what’s 
been said on the 999 call [emergency number], what’s been said when they 
first attend, usually they speak to the Accident & Emergency paediatrician, 
what they then say to the community paediatrician and my officer when 
they get there.” Police Officer 1 
Some participants considered a delay in presentation to hospital to be an important risk factor 
for AHT. 
“The other thing we always worry about is a delay. So we have had the odd 
few children that have presented a few days later because of a significant 
swelling and while that is possible that would raise a flag in your head.” 
Clinician 16 
Participants discussed the behaviour and appropriateness of the parents and the interactions 
between the parent and the child throughout the investigation.  
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“We look at exploring the family dynamics, the response of the parents 
during the immediate child protection enquiry, the interview.” CPSW 1 
Participants reported that the single most important factor that influences their 
decision-making when AHT is suspected is the history, in particular whether the mechanism of 
injury is consistent with the type and severity of the injuries or the developmental stage of the 
child. 
“Probably the single most important thing, is the detailed history. And the 
features of that, the description of what's happened, how possible and 
plausible that is, is it compatible with the injuries, is the child capable of 
what's described in terms of their developmental stage? So I think the 
detail of the history is really, really important.” Clinician 12 
However, participants stated that they find decision-making difficult when the history is 
consistent with the injuries, but the mechanism could nevertheless be either abusive or 
accidental.  
“The difficult ones are where they come in and say ‘I’ve fallen down the 
stairs with my baby’ because you think if somebody has just lost it with a 
baby and smacked them against a wall, and is switched on and intelligent 
and actually quite manipulative, they probably would come up with a story 
of ‘I’ve just dropped my baby’. So those ones are always a bit more difficult 
because you think it might be true, on the other hand it might not be.” 
Clinician 13 
When there is no history of a traumatic event whatsoever, participants said that they have a 
very high index of suspicion for AHT.  
“The lack of disclosure is a biggie, you know the child who presents with 
collapse and then you subsequently find that they have subdual 
haemorrhages or a fracture or broken ribs, that makes you very concerned 
that it’s not the whole story being told to you.” Clinician 24 
Participants reported that another influential factor is whether the history is consistent over 
time and/or between caregivers.  
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“I might be wanting to speak to a nurse, so ‘You spoke to the parents when 
they first arrived, now you and the paediatrician have spoken to the 
parents here’, is there any discrepancy between the two stories, or are they 
consistent, or is mum saying one thing and dad saying another thing?” 
Police Officer 6 
5.4.4.4 Family factors  
Participants discussed the importance of the families’ social history when 
investigating suspected AHT cases. They talked about a wide range of issues including parental 
drug and alcohol use; parental mental health; domestic violence; previous involvement with 
social services; parent-child interactions; level of supervision of the child; neglect; 
socioeconomic status; and parental criminal history.  
“I would be concerned if there was also then a family history of family 
violence, if I was getting background social history that there was known 
abuse in the past, or I guess if this baby had been more vulnerable for 
whatever reason, was maybe a pre-term or indeed if this was a mother 
who’s quite young, not supported, new partner, and partner’s not the 
biological father of this baby. They are things that I would actually…they’d 
be helping with the diagnosis. It wouldn’t necessarily tip it but they would 
obviously add to my concern that my feeling is this is likely to be the case.” 
Clinician 2 
“Obviously if there’s domestic violence, substance abuse, a history of 
neglect, that’s obviously going to shoot up in terms of our assessment.” 
CPSW 1 
CPSWs and police officers said that they place more emphasis on factors within the family than 
clinical factors. 
“I would probably have a better understanding of the context in terms of 
the family scenario, in terms of levels of supervision and what it’s actually 
like within the household.” CPSW 5 
However one police officer mentioned that they would give less weight to the social history of 
the family during the investigation.  
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“The social background is less important, because if we’re investigating if 
there’s been abuse or not, it’s determined principally by the injuries, by an 
explanation, by the evidence, not by whether the parents are employed, 
whether the parents are smokers, or if the dad is an alcoholic, whether 
there has been domestic violence in the house, those are interesting 
background features, perhaps more likely to be prevalent in some cases 
than others, but it’s not going to tell me abuse has happened or hasn’t 
happened.” Police Officer 6 
Similarly, participants believed that a lack of history with social services or a lack of a criminal 
record does not rule out AHT. 
“It’s not always families that come revolving door, we have families as well 
that have not been known to us for years, or never been known and then 
they’ve harmed a child.” CPSW 4 
Participants stated that a major factor influencing their decision-making in suspected 
AHT cases is the impact on the family. They discussed the impact of removing a child from the 
family home, and how intervening in a child’s home life could be damaging for the child and 
family, particularly where a head injury is found to be non-abusive. Participants explained that 
the decision to remove a child from their parents is not taken lightly, as it may not be the best 
thing for the child. 
“I know accidents happen with babies and children with the best will in the 
world and what you don’t want to do is if a family is already traumatised by 
something that the child has experienced and they’re doing the best for 
them, to add in the trauma of querying the abuse factor could just tear the 
family apart.” CPSW 9 
Clinicians, CPSWs and police officers reported that they find it difficult working with 
the family and having to treat parents as potential suspects or perpetrators when they are 
grieving or coping with a seriously unwell child. Participants talked about the need for 
sensitivity and the potential repercussions of falsely accusing a family of abuse.  
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“It’s not so much the clinical diagnosis it’s managing it and being the one 
who talks to the parents and is having to deal with their anxieties, their 
uncertainties and all their anger.” Clinician 10 
5.4.4.5 Psychological factors  
Participants stated that their decision-making in suspected AHT cases is influenced by 
their own personal biases, such as a disbelief that parents or carers from ‘nice, middle-class 
families’ are capable of inflicting injuries on their children.  
“Well they shouldn't but if it looks like a really nice family that you couldn’t 
imagine doing anything like that and that shouldn't influence you but it 
makes you think. People say ‘Oh I've seen a case like this before’ or they 
say ‘No, no the family is too nice’. And other people will be saying ‘But 
don't be fooled by it’, all this goes on, I hear it all the time.” Clinician 9 
However, most participants reported that they acknowledge these biases and attempt to 
remain objective in their assessments. 
“We always keep an open mind, we always continue to gather information 
and if there is new information, it will change our decisions.” Clinician 10 
CPSWs and judges explained that they find cases difficult when they only have medical 
evidence to rely on, and there are no other risk factors that they are able to identify within the 
family.  
“There have been cases where we’ve removed children begrudgingly 
because of medical evidence and genuinely from the way the parents are 
with the child, their backgrounds you just don’t think they did it. So that’s 
very difficult ethically having to remove a child on the basis of a medical 
decision where there’s nothing else to substantiate that.” CPSW 1 
However this CPSW also stressed that even in the absence of other risk factors, she would 
remain suspicious and continue with her investigations. 
“I would be led very much by medical evidence and even if there was no 
other risk factors identified for that child, I would not be willing to take any 
risk on a case like that.” CPSW 1 
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Clinicians, CPSWs, and particularly police officers reported that they are influenced 
by their “gut instincts” when conducting their investigations and assessments.  
“I’d probably rely on my professional suspicion…my gut feeling…If I had an 
inkling something was not right then we would be doing more.” Police 
Officer 3 
Some participants reflected that investigating suspected AHT is emotionally 
demanding and can be a barrier to remaining objective in these cases. 
“There is emotion attached to them, so seeing children who are injured 
whether it is accidentally or deliberately, there's an emotional component 
to that. I find it difficult because I am intrinsically a relatively trusting and 
non-suspicious person and I've had to train myself to just take the emotion 
out of it, and deal with whatever facts are available.” Clinician 12 
5.4.4.6 Legal factors 
Police officers and legal practitioners disclosed that identifying the perpetrator in 
suspected AHT cases is particularly difficult.  
“The difficulty in my experience isn’t identifying it, it’s in establishing who’s 
done it.” Police Officer 3 
Legal practitioners and especially judges, reported that they rely on expert witnesses 
to provide an interpretation of the clinical features, but noted that there are often 
disagreements and conflicting opinions between expert witnesses coming from different 
disciplines. 
“There will sometimes be subtleties, particularly in the expert evidence that 
we get and you will have two extremely eminent experts sometimes from 
different disciplines, sometimes the neurosurgeon has a different view 
from the radiologist. I can remember doing a case in which they’d looked at 
the same scan and said I don’t think we can agree what’s there…So those 
are the difficulties that you have to encounter when you get a range of 
opinion on the interpretation of the medical evidence.” Judge 3 
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Judges and police officers referred to the various theories that are put forward by the parents 
or the defence in an attempt to disprove cases of suspected AHT. 
“Something needs to be looked at because this hasn’t happened because 
the child has got gastro-oesophageal reflux, which was one theory which 
used to be propagated at one stage because if a child had gastro-
oesophageal reflux it might stop breathing and that would lead to a rise in 
intracranial pressure which would then give rise to the bleed and we had 
that theory at one stage, not from the medics but that was one that was 
often propagated.” Judge 3 
5.4.5 Theme 2. Participants’ evaluations of PredAHT 
Participants discussed how PredAHT might have a positive or negative impact on the 
investigation of suspected AHT, the decision-making process, the child or the family, whether it 
would be useful for them or not and why, their willingness to use it, potential problems that 
may arise from its use, and how it might enable them to overcome specific barriers 
encountered when working on suspected AHT cases. Many participants would only use the 
tool with a proviso. Participants talked about the implications of using PredAHT in court, and 
clinicians discussed the practical implications of its use.   
5.4.5.1 Potential benefits of PredAHT 
Participants believed that one potential benefit of PredAHT is its objectivity. They 
felt that PredAHT would be useful to support decision-making as it is not influenced by 
personal feelings or opinions and could help reduce subjectivity in the assessment of risk.  
“I think they're a good idea because they can be completely evidence 
based, so it takes all your feelings out of it because it's…child protection, 
there's lots of emotions.” Clinician 9 
“It would be helpful if a medical professional would have some confidence 
in saying it’s an 85% chance because we would all understand what the 
chances were, because sometimes at strategy discussions you might get a 
paediatrician who will give an opinion, but as we all know, we take in 
messages in a different way. I might go back and record it in some way, the 
social worker might go back and record it in a slightly different way.” Police 
Officer 3 
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Participants felt that PredAHT would be helpful for heightening awareness of AHT, 
and reinforcing or increasing concerns about possible AHT. 
“Where the number sits would help us to articulate that suspicion and 
perhaps work as a bit of a check. Probably in pushing it up, and highlighting 
to some people actually, you should be more suspicious because this is 
really unusual to get this combination.” Police Officer 1 
Participants thought that PredAHT could work both ways, encouraging participants to consider 
the possibility of non-abusive injury if PredAHT gave a low probability score for AHT. 
“It would also be helpful for us not to panic too much in the sense of there 
is the idea of accidental head injury as well. So it’s also helpful for us to 
take a step backwards and not think right it’s abusive trauma.” CPSW 1 
Clinicians, CPSWs and police officers said that PredAHT would provide them with 
reassurance or confidence that their concerns, suspicions or investigations were justified and 
that it would be useful to support their professional opinions.  
“I think as you used it more it would give you more confidence that 
actually, yes this is confirming that my level of suspicion is appropriate for 
the case…It would give you more confidence in making those decisions 
clinically.” Clinician 15 
The majority of clinicians said that they would use PredAHT to back up their clinical opinion 
rather than to direct their decision-making. However, some said that they would find the score 
helpful if it did not agree with them. 
“I wouldn’t use it just to sway my opinion, but if I had an opinion of 
whether it’s abusive or not, and then, using this validated tool, with the 
injuries found and the presence of head injury, it is likely, so that helps back 
up your opinion and hopefully then would add more weight to what you’re 
saying.” Clinician 21 
“If there was a mismatch between my clinical opinion and the risk 
assessment tool that would cause me to stop and think and seriously 
consider whether I have gone down a bit of a blind alley with this and 
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whether I need to stop and think again…It would be helpful just to reassure 
us that we are doing the right thing or maybe to cause us to stop and think 
actually perhaps we shouldn’t walk away from this one.” Clinician 10 
Participants felt that PredAHT would be useful for explaining, justifying or 
rationalizing decision-making in suspected AHT cases.  
“Family courts, criminal courts might want to know how have you arrived at 
this decision and if I was asked, well, these are the facts...and I’ve 
documented clearly why I’ve made a decision about something. Any tool I 
think that helps give some…statistical interpretation for police, for social 
services, for the medical professionals, it’s robust and trustworthy I 
suppose then, I only see that as a good thing because we’re all accountable 
for the decisions we make.” Police Officer 7 
Clinicians and pathologists suggested that PredAHT may help to standardise or 
modify the clinical assessment of suspected AHT cases by prompting clinicians to perform 
investigations such as a skeletal survey or ophthalmoscopy in line with international standards, 
and to review the results of investigations already undertaken. 
“Is this patient a patient that may have been abused and if so [the tool] 
triggers safeguarding procedures for siblings and it flags up this is a child 
who is going to need an ophthalmologist to look in her eyes, a skeletal 
survey, and a child protection paediatrician on call. If that triggers all of 
those things to take place that would be great.” Pathologist 1 
“We would just do all those investigations on anyone under 1, but it’s in 
that 1-3 [age group], where you’re just that bit more unsure, whereas 
should we be doing these things and it might actually guide us.” Clinician 1 
Pathologists and legal practitioners, including judges, said that they could appreciate the value 
of PredAHT for advocating further investigations, even if they would not find it useful 
themselves. 
“I think if it can be used to ensure that front line clinicians are actually 
encouraged to undertake exploration of what they’ve got at a better level 
then we’d be saying yippee absolutely that’s the best that you can do for 
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us…If you can get clinicians to actually do what they should be doing when 
they should be doing it and triggering the protocols that need...because we 
see quite a lot of missed opportunities with the initial investigation and you 
can’t go back and do it again.” Judge 2 
Similarly, police officers and CPSWs said that PredAHT may help to justify further 
action within their respective agencies.  
“If we’ve got a figure that says actually there’s an 80% chance that there’s 
abusive trauma, then that child isn’t safe at all…we need to be taking pro-
active action and that would I think be supportive.” CPSW 3 
Participants felt that PredAHT could contribute to “the bigger picture”, as part of a 
wider information gathering process. Many described PredAHT as a useful addition to the 
“toolbox”, or “a piece of the jigsaw puzzle”.  
“It would form one part of your prosecution case wouldn’t it? It wouldn’t 
be an enormous part but it could form a part of the evidence you’d built 
generally…I can’t see for a minute that it wouldn’t be useful.” Police Officer 
4 
Participants suggested that PredAHT could be used at multi-agency meetings or as 
part of information sharing to facilitate communication about the likelihood of AHT.  
“It would be valuable for talking to the police, social workers...just to say, 
‘Listen we’ve got this…’ Because they will always say to you, ‘Is there 
anything else it could be? Are we getting this wrong? Are we missing 
something medical?’ I think when you’re able to say with a degree of 
certainty, ‘No, this is what it is because this is a validated tool. With this 
combination of injuries this is how confident we can be’ I think it is going to 
be valuable for them as well...and you share it in the strategy meeting that 
would be very useful for me.” Clinician 5 
Participants thought that PredAHT would be useful for peer review or training. 
CPSWs in particular thought it was helpful to know that the six clinical features included in 
PredAHT are potential indicators of AHT.  
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“I think it will be very good for all child protection social workers dealing 
with these to know about these six things.” CPSW 1 
Participants believed that PredAHT may be most beneficial for so-called ‘grey’ cases, 
where there is considerable uncertainty surrounding the diagnosis, and most beneficial for 
those with the least experience in CP. 
“You get those ones where you think ‘this is really not likely to be this’ but 
you’ve got to go through the steps, and the ones where there clearly is 
likely to be a problem, so it’s those grey ones in the middle where this 
might come in more useful than the clear cut ones.” Clinician 1 
“It might be helpful for someone who’s never done paediatrics before and 
doesn’t have the experience and the benefit of having done child 
protection work before and knowing these things…I think it is helpful for a 
very specific group of people.” Clinician 20 
5.4.5.2 Potential risks of PredAHT 
Participants were concerned that professionals may be over-reliant on PredAHT 
when making decisions in suspected AHT cases. 
“If there was too much reliance placed on it at the beginning of an 
investigation and someone with little knowledge simply populated those 
fields present, absent, features, and came out with a low probability you 
know 14% or whatever and decided not to investigate, regardless of the 
presence of other factors not in your fields, then that would be foolish and 
dangerous, so the tool itself is not a disadvantage, it’s how its uses could 
be.” Police Officer 6 
“I think there's a potential for people to make it the single most significant 
part of the decision-making process so we'd end up sat in meetings and 
people would ignore most of what I said and say ‘What does the tool say? 
Oh 67%, right that’s the decision made’. That would be my worry that 
people would over-use it or overstate its importance.” Clinician 12 
Some participants thought that a low score could instil false reassurance, and that  
appropriate investigations might not be carried out in the face of a low probability score. 
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“If somebody is uncritically using this tool and they have got a child with an 
intracranial head injury, and head and neck bruising they are not worried 
then because the score says that it’s less than 15% then that would be an 
incorrect use of this tool.” Pathologist 1 
However, reassuringly, all participants said that they would still carry out appropriate 
investigations if they received a low score from PredAHT, as there may be other features of the 
case that warrant further enquiry. 
“If it was low like that, but there were previous allegations of abuse, dad 
had a violent background, that sort of stuff. That would sway me towards 
being quite concerned about this. So, I guess it’s about the attendant 
circumstances around it. So if it was low, it would help me, but I would still 
look at the bubble around it and what’s going on.” Police Officer 3 
Participants expressed concern that PredAHT wouldn’t be used as intended, 
alongside other known information about each case, and they agreed that it should never be 
used in isolation from other factors. Several clinicians, pathologists and CPSWs said that 
PredAHT was too reductionist and crude, comparing it to a box-ticking exercise.  
“My main concern is people not taking into account the history or the other 
facts because they’ve got a big number on this score.” Pathologist 2 
Participants questioned the accuracy of PredAHT. The sensitivity and specificity that 
participants would be willing to accept was discussed, together with the implications of false 
positive and false negative predictions.   
“The key thing is in how many cases is this wrong? And if it’s wrong in any, 
then you’ve just got to ask yourself is this safe?” Pathologist 4 
“Hopefully this will help us find all cases of abusive head trauma but there 
is a chance that we might label a non-abusive one as an abusive one as 
well, but I would probably weigh the benefit more than the risks, because if 
this is helping me to identify the really vulnerable children, I would rather 
use it…as long as I am protecting the vulnerable children, I would find it 
useful.” Clinician 22 
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A few pathologists and clinicians, including a neurosurgeon, stated that PredAHT is 
irrelevant for them as they do not need a tool to make decisions about suspected AHT, and 
would therefore not use PredAHT.  
“That's what we do in our brains, we put all the information together and 
spit out the probability based on our experience.” Clinician 19 
“It’s something that is an irrelevance to me in that, one might take the view 
that this is an attempt to make my task less onerous by placing in my mind 
the conclusions of others, or their interpretation of the evidence, when it is 
my role to look at that evidence and the literature myself. This I fear might 
be regarded as a substitute for individual thought.” Pathologist 4 
Two clinicians were unsure about how much PredAHT would add to the investigative process, 
and could not say whether they would use it in practice or not. 
“I have to say my initial thought looking at it is I’m not sure how much more 
it would add if you’ve done all the investigations already.” Clinician 13 
Some participants thought that there are important clinical and historical features 
not included in PredAHT, e.g. skull fractures, bruising patterns, spinal injury, or a history of 
trauma, and questioned why they were not included.  
“You don’t have a history of extraordinary trauma as an option. So the 
other thing is a non-declaration of the history that would be massive 
wouldn’t it. Or no history of any injury…just woke up and the baby was like 
that. That would be a massive predictor I would imagine.” Clinician 24 
Participants pointed out that PredAHT cannot take into account specific details of the 
clinical features, including the age, number, location, pattern and severity of injuries, some of 
which they believed may be highly specific for AHT.  
“What about a healing fracture as opposed to a recent fracture and 
position of the fracture, and particularly rib fractures are they at the front 
of the chest of a child who has had resuscitation or are they posterior ribs, 
and it’s this granularity that we are grilled on and we have to take into 
account when we are giving our overall opinion but for a quick and dirty or 
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‘Should I be contacting child protection services, should I be contacting our 
paediatrician on call for child protection?’ This sort of thing is great.” 
Pathologist 1 
“Not all RHs are the same, you can have one in one eye and five in the 
other but if they’re not in the layers that you’d expect them to be…You’d 
have to make some allowance for, not only the categories but 
subcategories of that...It needs to be more refined.” Judge 2 
Some pathologists and judges said that PredAHT may condition their decision-making 
or inadvertently introduce bias into the decision-making process. 
“You would almost make it more difficult for the judge because the judge 
would then have to disentangle the expert opinion from either an apparent 
bias or an unconscious bias that might be established by the fact that the 
expert had looked at the clinical tool.” Judge 3 
5.4.5.3 Provisos for the use of PredAHT 
Many participants stated that they would only use PredAHT with a proviso; e.g. 
alongside their professional judgment, with more information about the definition of the six 
features, if it was kept up to date, with knowledge of the quality of the data on which PredAHT 
is based, with an understanding of how it works and how it is to be used, after agreeing 
acceptable risk thresholds with multi-agency colleagues, and if it was accepted by their 
colleagues (Table 5.2) 
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Table 5.2 Child protection professionals' provisos for the use of the Predicting Abusive Head Trauma clinical prediction tool 
Alongside 
professional 
judgment 
“I guess it’s probably a combination of that along with a bit of professional judgement tied in…If you look at it in combination with 
other professional opinion, what else you know, what information you found out, then it could inform part of that pool of 
information.” Police Officer 3 
“Yeah I think it’s useful, it should not stop you from thinking I think you should still think outside the box and not 100% rely on it 
but I think as an additional tool to your clinical decision-making, I think it is supportive and helpful.” Clinician 7 
“This in addition to the rest of our assessment is really, really helpful.”  CPSW 1 
Definition of 
features 
“I would need a bit more information about some of the…you know I don’t really know what retinal haemorrhages are.” CPSW 6 
“Apnoea, presumably you’d have a definition of how long that’s for and stuff like that?” Pathologist 2  
If kept up to 
date 
“There’s issues of keeping it up to date, you can’t just do it once and then not revisit it, can you?” Clinician 3 
“To keep its credibility it would have to evolve with current thinking, so it’s a continual process isn’t it?” Police Officer 2 
Quality of the 
data 
“I'd want to look at the original research and how the original cohort of patients were diagnosed with abusive head trauma and 
what's the robustness of that diagnosis in the first place, that the tool is then based on.” Clinician 12 
“I would never use something like this without reviewing the publication and looking at the statistics and checking out that I was 
personally happy with the statistical analysis, because otherwise I’m just putting stuff into boxes.” Pathologist 2 
Understanding 
how it works 
“I would have to understand it and be able to explain it in court, so I’d need to come and have a little training session.” Clinician 3 
“You would need to explain the unknown parts of it…as well you could do a small tutorial based on four or five cases if people want 
to get experience on how to use it.” Clinician 14 
“It’s important to understand what informs the figure, because otherwise it becomes a checklist…I think people need to have an 
understanding of what the tool is and how it is to be used.” CPSW 5 
Agreeing 
accepted risk 
thresholds  
“We can all have that figure and we can all explore then what that figure means to each independent agency, and what it means 
for that child and actually what safeguards need to be in place because of it.” CPSW 3 
“I think within a team, there needs to be consistency as to what it’s meaning at that point in that time…if we were using unknown, 
then it’s giving a steer towards it…but what I would be concerned about is interpretation of what this means.” Clinician 2 
“You want that consistency and agreement as to what the results could mean.” Police Officer 1 
If accepted by 
colleagues  
“It would be only useful for us if it’s accepted by the medical profession as being acceptable for them.” Legal Practitioner 2 
“Yeah, I think you’d want, whether it be the safeguarding board or the child death overview panel, you’d want something where 
the social workers and the paediatricians and the police all come together and agree that this is useful.” Police Officer 1 
“Yeah I think that would give me the most confidence really if the medical professionals were on board with it.” CPSW 6 
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5.4.5.4 Clinicians’ views about the practical use of PredAHT 
All clinicians thought that PredAHT is simple to use, and not too time-consuming to 
complete.  
“Time is always a disadvantage in getting people to fill these out 
sometimes, but this is relatively simple and straightforward so I don’t 
imagine it being a huge issue.” Clinician 14 
Participants discussed the hospital settings in which PredAHT would be useful. The 
majority thought that PredAHT would be most useful for inpatients admitted to a ward or 
Paediatric Intensive Care Unit (PICU), and less useful in the Emergency Department (ED), 
where information about fractures and RHs is unlikely to be available. However, one 
emergency medicine paediatrician thought that PredAHT may have a role in the ED to prompt 
an initial referral to the safeguarding team. 
“If they were unwell enough to go to PICU you may use that tool much less 
in the ED. If they were somebody that was going to a ward then you would 
probably use it more. I think it would depend on the patient and how sick 
they were.” Clinician 16 
There were different views regarding the stages of the assessment process that 
PredAHT would be most useful. Some clinicians said that they would only use it once all 
relevant investigations were completed, to assist with report writing or reaching their final 
conclusions. 
“In my opinion, there’s not much point in using it if you have too many 
unknowns there...I personally would certainly like it for when I have to 
write my report.” Clinician 7 
However, other clinicians said that they could see the value of PredAHT at multiple stages of 
the assessment process, and that they would use it more than once during a case to support 
their decision-making. 
“I would probably use it as soon as I knew about the case, just to give me 
some idea, and then as more data is collected you could add it in and see 
how it changes your figure, and then you’ve got your last kind of figure 
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then is what is going to be the most important one right at the end.” 
Clinician 1 
Participants discussed who should complete the tool. They thought that PredAHT 
could be completed by general and community paediatricians and intensivists, but most 
agreed that it should be completed by a consultant. One clinician thought that it should be a 
team exercise. 
“Whether it would be something that would be used by the lead 
consultants in PICU or a general paediatrics consultant where they are 
thinking do we need to get the safeguarding team involved or not and then 
potentially I suppose used by a safeguarding consultant when it came to 
writing up.” Clinician 8 
Clinicians reflected on how PredAHT could be integrated into the clinical workflow 
and implemented in clinical practice. Although they acknowledged that each hospital has its 
own way of working, most thought that it would not be too difficult to incorporate the 
computerised version of PredAHT into existing hospital intranet systems. Some suggested 
including reminders or specific references to PredAHT on existing departmental or 
safeguarding paperwork.  
“It could well go on to the intranet as an app…and maybe a reference to it 
as a little reminder on our safeguarding proforma.” Clinician 4 
Some clinicians could see the value of including their own prior probability score in 
the calculation, but the majority felt that this would introduce too much subjectivity into 
PredAHT and that they would need guidance on how to use this element of the tool.  
“I think that’s an important element to bring in because actually a lot of our 
decisions are often based around the history and does the history fit, is it 
consistent, stuff about whether they’re presenting late, stuff about what 
the family background and social history is.” Clinician 13 
“I’d feel happier with the six features on its own, because I know that’s very 
evidence based, isn’t it, so that’s fine. I do have an issue with the prior 
probability without some objectivity around it, because it’s easy to think oh 
well, a child on the Child Protection Register and that ups my concerns and 
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whereas a middle class family doesn’t, and I think it is something you need 
to be really objective about.” Clinician 3 
5.4.5.5 Use of PredAHT in court 
Most clinicians, CPSWs and police officers thought that PredAHT would be useful in 
court, because it is evidence-based and validated. CPSWs in particular felt that it would be 
useful in the family courts for future safeguarding of children, where the standard of proof is 
based upon the balance of probabilities.  
“In the court arena I think it’s going to be really very useful because it’s not 
our hunch against the next doctor’s hunch, you know? And I think people’s 
general opinion that babies aren’t injured by their care-givers and their 
parents...people don’t want to hear that and they certainly don’t want to 
believe it and acknowledge that this is happening, but if you’ve got a 
validated tool saying, ‘Actually this is what has happened to this baby 
because of the other injuries that we’ve seen’ then I think it’s going to be 
very valuable indeed.” Clinician 5 
“It helps when going to court with the balance of probabilities if you can 
prove over 51%, that’s the number I have in my head…that’s what we’ve 
got to convince evidence of a judge of.” CPSW 2 
Pathologists and legal practitioners, including judges, expressed caution regarding its use in 
court, particularly in the criminal courts. 
“What the criminal standard which is beyond reasonable doubt would 
make of that, because the decision in these circumstances would be that of 
a jury, again huge caution in thinking this is effectively steering a jury into 
saying it’s 85%, it’s beyond reasonable doubt therefore we’ve got no choice 
but to convict.” Legal Practitioner 1 
However, one judge thought that PredAHT would be useful, in both the family and criminal 
courts. 
“It will help to remind the courts and the experts that a certain 
combination of features does make abusive head trauma a more likely 
explanation...I think it would have the same role in the criminal courts. 
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Even though the standard of proof is different, it would still be useful at the 
fact finding stage.” Judge 4 
Some felt that PredAHT would be irrelevant because it cannot account for every 
detail of every case, and each case must be considered based on the entirety of the evidence. 
“As lawyers we would probably want to treat it with extreme caution. 
Simply because this tool cannot cover every factor in every situation that 
we have to deal with.” Legal Practitioner 1 
Others remarked that PredAHT may not stand up under cross-examination, or that 
the defence will claim that their case falls into the reverse probability of non-AHT given.  
“You would have to prove the tool in every case. You’ll be cross-examined 
about how it’s been put together, how you’ve weighted the factors. There’s 
always something that somebody can find if you’re really trying to pull 
something apart. Then it goes out the window really evidentially.” Judge 2 
“We would be arguing well why isn’t this one in the 15% of cases that 
suggests that it isn’t non-accidental?” Legal Practitioner 1 
In addition, some participants believed that PredAHT will not help to identify the 
perpetrator in suspected AHT cases. 
“That doesn’t help us with who caused it, it just says ‘what’s the probability 
of it being an abusive trauma’ so there is that other element we have to 
consider.” Legal Practitioner 1 
Some clinicians and judges discussed historical CP court cases involving statistical 
evidence, and the impact and implications of such cases on the subsequent acceptance of 
statistics in the courtroom. 
“A slight worry any paediatrician will have, a study putting statistics up like 
that, is the way that [Roy] Meadow [UK paediatrician] was chopped down 
with statistics.” Clinician 17 
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Despite their reservations, the majority of the legal practitioners interviewed, 
including judges, said that they would probably take the PredAHT score into account if it was 
included as part of a medical court report.  
“The way the courts see these matters from a child protection point of view 
is an analytical approach where you need the best evidence possible. If this 
is something that feeds into a medical report, by an expert who 
understands it, then I’m delighted to have that. Hopefully it can help to 
make the right decision for the family, because it is life changing.” Judge 4 
5.4.6 Theme 3. Participants’ opinions about how to present the calculated probabilities  
Participants said that they preferred precise percentage probabilities of abuse, rather 
than broad risk categories such as low, medium or high likelihood of abuse. While some 
suggested presenting both, they were unsure as to what percentages would equate to low, 
medium and high. Some participants felt that confidence intervals would be unnecessary, 
however others felt that they would be an important addition. Additional suggestions included 
background information/data about PredAHT, disclaimers, and visual aids (Table 5.3).  
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Table 5.3 Child protection professionals' preferences for the presentation of the calculated probabilities from the Predicting Abusive Head Trauma 
clinical prediction tool 
Percentage 
probabilities 
versus 
broad risk 
categories 
“For a decision-making tool a percentage is spot on from my point of view, because I think everyone will understand it.” Police Officer 
2 
“A percentage just makes it a little bit more tangible, doesn’t it, it’s very real, because I find it difficult, I always have done, to quantify 
risk, so if it can be done for me, then yeah…” Clinician 6 
“I am happy with the percentage, I am confident with that because that is where we are at with safeguarding children, we are talking 
about the balance of probabilities and so we are talking anything over 50 per cent probability should lead to further action and further 
evaluation where you may still get information that shifts it the other way.” Clinician 10 
“I'd personally prefer it if captured with likeliness and you might have very suspicious, strongly indicative or not likely.” Clinician 12 
“I prefer it like that because low, medium, high can mean anything.” CPSW 4 
“A percentage wouldn’t be helpful in court, because it would actually lead to more uncertainty. There would always be an argument to 
have which would detract away from the purpose.” Judge 4 
“I appreciate what it is, there could be a range but what would low, medium, high then be? I suppose that’s the problem.” Police 
Officer 7 
Confidence 
intervals 
“I would like to know the variance, that’s what we would like to know, that’s what we would need to know…” CPSW 3 
“I do like the number as a percentage but I do like to know the confidence interval as well…” Clinician 7 
“I think it might be a bit too much information.” CPSW 6 
Additional 
suggestions 
“There should be a little caveat statement there saying that it can go both ways, the higher it is the more likely it is to be, but a low one 
doesn’t exclude it.” Clinician 23 
“I think you need some sort of disclaimer on it about this needs to be used as part of a full assessment.” Clinician 8 
 “You want to know where it’s come from, what’s the research basis behind it, what’s the evidence behind it, how much can you trust 
it. Now that could be a short blurb and then links to the publications, the literature that supports this.” Clinician 2 
“I would want to know the data behind it because it is obviously chunking and splitting the data in different ways, maybe if you have 
got all the individual data, you could list everyone who fell outside the non-accidental injury bracket?” Clinician 24 
“If you can say here’s a big block of how many of these kids were deliberately injured compared to a little smidge of kids, you could 
almost support it perhaps with a quick graphic to go big block is battered kids, small block is unfortunate accident.” Police Officer 4 
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5.4.7 Theme 4. Participants’ interpretation of probabilities in the context of suspected AHT 
Participants had very different interpretations of probabilities and risk categories in 
the context of suspected AHT. 
5.4.7.1 Threshold criteria 
Although all participants maintained that they have a very low threshold for 
suspicion of AHT in young children with intracranial injuries, their probability thresholds for 
suspecting abuse varied widely. Some participants said that they would only feel confident to 
completely rule out AHT if the percentage probability was less than 1%, while others said that 
they had higher thresholds.  
“If it’s something like in the thirties, gosh that’s a really hard thing to factor 
in isn’t it then, in terms of decision-making, it still sounds quite high to me. 
You almost want it to be a 0.1% chance of it being an abusive head trauma 
to feel confident in your decision, because even at 30%, that’s like one out 
of three families, that was abusive isn’t it?” CPSW 9 
“If that said to me there’s a 1% chance then there’s still a 1% chance. It’s 
helping me it’s not telling me there’s no chance is it?” Police Officer 8 
“I want to say sometimes I’m not happy about not taking any further action 
at times, but I’d have to be I don’t know maybe 20%?” CPSW 2 
Many participants said that they simply could not put a figure on their threshold for 
abuse, stating that if there was any chance at all that it could be, then they would investigate 
further, and commenting that each case is dependent on the attendant circumstances around 
it. One CPSW indicated that often her risk judgements are very different to her colleagues’, 
highlighting inconsistencies within the assessment process. 
“I don’t think I can put a figure on my threshold because it depends 
sometimes I look at something and think ‘Why are we going out on this?’ 
And then something else, ‘We should’ve looked at that, why did we have all 
of this and we haven’t done anything with it?’” CPSW 4 
Participants also had different perceptions of what the expressions ‘low’, ‘medium’ 
or ‘high’ likelihood of abuse might mean in percentage terms.  
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“I say less than 50 and it would be low. Maybe 50–70 medium and then 
over 70 high.” CPSW 6 
“I suppose low, medium and high can mean anything can’t it, I'm guessing 
its maybe up to 30%, 60%, 90%.” CPSW 8 
5.4.7.2 Comments on PredAHT scores 
After receiving a demonstration of PredAHT, participants offered their opinions on 
the probability scores that it gives for different combinations of features. They were told that 
intracranial injury with head/neck bruising alone gives a score of 14.7%. Some participants 
thought this score was low. Others interpreted the score to be an unacceptably high level of 
risk, while others still thought this figure could be interpreted in both ways. 
“I think that’s really low 14.7%.” CPSW 4 
“From my point of view 14.7%, what do I think of that? I still think it’s 
bloody high.” Police Officer 1 
“It might make people think, but then that means there’s an 85% chance 
that it was accidental, doesn’t it?” CPSW 9 
Participants stated that they were uncomfortable that PredAHT can give scores at or 
very close to 100% for certain combinations of features. 
“99.6% and I’ve ticked rib fracture present, head and neck bruising present, 
apnoea present, seizure present. That I find hard you’re saying essentially 
that’s definitely abusive head trauma…I agree, I’d be very worried if I had 
that combination of features but I wouldn’t say it’s nearly a hundred.” 
Pathologist 2 
Others stated that PredAHT scores too low for certain combinations of features. 
“So if you’re fitting and have subdural haemorrhages but you don’t have 
retinal haemorrhages or any other markers, it’s saying it’s not non-
accidental injury. OK. I would be a lot more hawkish than that.” Clinician 24 
“I think that my findings were stronger than that score…the RH was very 
strong, in all layers…I might’ve hesitated if I’d seen 57%.” Judge 2 
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5.5 Discussion 
The current chapter investigated factors influencing decision-making and 
multidisciplinary collaboration in suspected AHT cases and the acceptability of PredAHT 
amongst a range of CP professionals. 
5.5.1 Overview of the main findings 
The findings from this study suggest that CP professionals diagnose AHT based on 
knowledge of a wide range of clinical features described in the literature, features in the 
history, and risk factors within the family, after exclusion of potential differential diagnoses 
and discussion with colleagues from other specialities and disciplines. Participants viewed the 
diagnosis of AHT as a “jigsaw puzzle” that could only be solved with multiple different pieces of 
evidence. Barriers to identifying AHT included lack of experience, uncertainty, emotional 
factors, personal biases, the impact on the family and the fear of making an incorrect 
diagnosis, disagreements between professionals including expert witnesses, and alternative 
theories of causation proposed in court. Participants’ experiences with multidisciplinary 
collaboration were reported as generally positive, however CPSWs and police officers reported 
being heavily reliant on clinicians to guide their decision-making, due to their own lack of 
medical training and knowledge. Facilitators to identifying AHT included support from 
colleagues, multidisciplinary working, knowledge of the literature and evidence-base, and “gut 
instinct”.  
The study findings also suggest that PredAHT would support the decision-making of 
clinicians, CPSWs, and police officers investigating suspected AHT, and provide them with 
greater confidence in expressing their opinion in the CP and court setting. PredAHT was 
viewed as a piece of the “jigsaw puzzle” of evidence, to be used in combination with 
professional judgment, subject to training and other provisos. Benefits were perceived by 
junior and senior practitioners with different levels of CP experience, and across all specialities 
with the exception of a neurosurgeon, although it was acknowledged that PredAHT may be 
most useful for those with the least CP experience. Potential risks included over-reliance and 
false reassurance from a low score. Pathologists and legal practitioners, including judges, 
thought PredAHT to be useful as a screening tool for ruling in further clinical or 
multidisciplinary investigations, however with the exception of one judge, they expressed 
caution regarding its use in court. In practical terms, clinicians found PredAHT to be simple to 
complete and thought it would be straightforward to implement into existing hospital systems. 
Participants interpretations of probabilities and risk categories in the context of suspected AHT 
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varied greatly, but most would prefer PredAHT to give a precise percentage probability of AHT 
over terms such as ‘low’, ‘medium’ and ‘high’ as it helps them to quantify risk.  
5.5.2 Comparison with the existing literature  
The findings are consistent with barriers and facilitators influencing detection of 
physical abuse generally, and clinicians’ decisions to report suspected abuse identified in 
previous studies. Flaherty et al.490 found that the decision to report suspected abuse was 
primarily influenced by the child’s clinical and social history and physical examination findings, 
particularly if their injuries were inconsistent with the history or their developmental stage. 
Barriers to detecting845 and reporting792 abuse described previously include personal biases, 
the fear of being wrong and the subsequent impact on the family, uncertainty about the level 
of suspicion and the difficulty of establishing a diagnosis, while facilitators include support 
from colleagues and other agencies. 
The findings clearly refute the claims of some recent literature that AHT is diagnosed 
based on the “triad” alone251, 252 and echo the categorical statements made by experienced 
clinicians who do not diagnose AHT solely on the presence of the “triad”.56, 262, 265, 846, 847 The 
misconception was the subject of a meeting convened by the Royal College of Pathologists in 
2009 to consider the issues appertaining to the “triad” and the “unified hypothesis” in non-
accidental head injury cases, following which legal guidance was issued from the UK Crown 
Prosecution Service57 on the prosecution approach to non-accidental head injury. This states 
that “the expert evidence finding of typical triad pathological features might not be considered 
as diagnostic in itself but simply as strong evidence that the injuries were non-accidental” 
(emphasis added). This view was reflected by clinicians and police officers in the current study. 
However, one senior CPSW described being taught at undergraduate level that the features of 
the “triad” are diagnostic for AHT. Although this may have been some time ago, this highlights 
how misconceptions become established, the differences between agencies and training gaps 
for social worker education in the clinical indicators and differential diagnoses of AHT, and 
suggests that their training should be regularly updated in line with the evolving evidence-
base. 
While many studies have evaluated the relationship between law enforcement and 
child protective services in suspected child abuse cases,526, 791, 848 comparatively few studies 
have assessed health professionals’ perceptions of multidisciplinary working. Previous studies 
have described a hostile relationship between police officers and CPSWs, due to conflicting 
priorities and agendas, assumptions regarding the other’s role, and time delays.526 Clinicians 
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have also criticized social workers, describing them as unresponsive or inconsistent.845 In 
contrast, the majority of the participants in the current study described positive relationships 
and experiences with other agencies. Only a very small number of participants felt that 
multidisciplinary working is difficult due to competing interests and disagreements, while a 
handful of participants brought up time delays as significant barriers to the investigation. 
Overall, participants’ views of multidisciplinary working indicated that police officers and 
CPSWs consider AHT to be a medical diagnosis, and are heavily reliant on clinicians decisions; 
many believe that medics can determine the cause of injures by clinical features alone, and it is 
difficult for other agencies when clinicians “sit on the fence”. Conversely, clinicians find it 
difficult to convey medical uncertainty to other agencies. This finding echoes the results of a 
recent study exploring collaboration between paediatricians and CPSWs, which demonstrated 
that CPSWs rely on paediatricians’ opinions regarding accidental and abusive bruising, but that 
paediatricians felt CPSWs harboured unrealistic expectations about the diagnostic value of a 
CP medical examination to identify abusive bruising.527 Clearly, joint training that provides 
knowledge about the individual roles and limitations of each agency would be valuable. 
Meanwhile, improved communication within and between agencies is critical for identifying 
patterns and preventing further injury849 and has been recommended in the UK Safeguarding 
Children Research Initiative report.850 The current study confirmed that PredAHT would be 
useful in strategy meetings to facilitate interagency communication about the likelihood of 
AHT.  
Participants are more likely to suspect AHT and put greater resources into a case when 
the child’s injuries are severe. However, it is well known that children can suffer repeated and 
escalated instances of abuse that eventually result in severe injury, and can sustain 
comparatively minor “sentinel” injuries such as isolated bruising or intra-oral injuries prior to a 
catastrophic injury.180, 277, 278, 281 Sheets and colleagues277 found that 30% of children 
diagnosed with AHT had previous sentinel injuries; where clinicians were aware of these 
injuries, either abuse was not suspected or was suspected but unsubstantiated, and their 
significance also went unrecognized by clinicians during the subsequent abuse evaluation. 
If a comprehensive evaluation reveals no other medical explanation for a child’s 
injuries, clinicians must decide whether the injuries are accidental or abusive.53, 289 In 
determining this, participants reported that one of the most important factors influencing 
their decision-making is whether the history of the mechanism of injury is consistent with the 
type and severity of the injuries seen, or the developmental stage of the child. This approach 
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has been deemed both medically and legally valid,53 having been first described in a landmark 
article on the diagnosis of “battered child syndrome”.39 Participants were also influenced by a 
changing history over time or between caregivers, or no history of trauma. Studies have 
demonstrated that a history of no trauma is highly predictive of AHT, as is a change in history.9 
However, in a recent simulation study of accidental and abusive femoral fractures, eight 
participants gave a “changing history” as justification for their diagnosis, when the history did 
not change, while others incorrectly believed that the injury was inconsistent with the child’s 
development.535 While the majority of the participants in the study (39/43) considered 
whether the injury matched the mechanism, 15 nevertheless arrived at the incorrect diagnosis. 
Anderst and colleagues535 suggest that a changing history provided by the caregivers should be 
distinguished from multiple histories taken by different individuals who may phrase their 
questions differently, and that clinicians should receive specific training in assessing injury 
plausibility.  
Participants discussed a range of social risk factors within the families, usually 
regarded as facilitators to reaching a decision about AHT. However, some felt that these 
factors impeded their decision-making, since a family without risk factors could be abusive, 
while a family with multiple risk factors may never harm their child. Previous research 
identified the presence of risk factors as a complicating factor in detecting child abuse for 
some clinicians851 although a recent study found that children referred for abuse evaluations 
without certain risk factors were just as likely to be diagnosed with AHT as those with risk 
factors.62 PredAHT allows clinicians to factor in other features that are not included in the 
predictors, such as social risk factors and aspects of the history, by incorporating their own 
prior probability of AHT into the calculation. Clinicians felt this element of PredAHT was 
subjective, and were unsure whether they would be comfortable estimating a prior probability 
of AHT in light of potential racial and socioeconomic bias.201 This suggests a lack of knowledge 
amongst clinicians of the evidence base regarding psychosocial risk factors for AHT. A recent 
survey found that less than half of health care professionals are adequately trained or 
prepared to identify risk factors associated with maltreatment.852 
Some participants stated that they are sometimes influenced by their “gut feeling” 
when investigating suspected AHT cases. As described in Chapter 3, “gut feelings” are an 
affective response triggered by intuitive System 1 thinking processes, which are susceptible to 
a multitude of cognitive biases.560 The evidence-based medicine literature therefore generally 
advises doctors against intuitive reasoning, and instead promotes the use of analytical models, 
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clinical guidelines and decision tools.563 A recent study demonstrated that child abuse 
paediatricians who had met the family and therefore had access to social intuition or “gut 
feelings” associated with a face-to-face encounter, were significantly less likely to perform 
adequate abuse evaluations for neuro-trauma and long-bone fracture compared to those who 
had not met the family.622 However, studies have shown that “gut feelings” may trigger the 
process of diagnostic reasoning, prompting clinicians to perform further investigations.853 One 
qualitative study exploring the identification and management of child abuse found that Dutch 
healthcare professionals’ intuitive “gut feelings” often formed the basis of a more objective 
investigation and triggered a systematic process of evidence gathering.851 Studies investigating 
the diagnostic value of features indicative of serious infection in children have found that 
clinicians “gut feeling” has added value over and above an overall holistic assessment of the 
child’s presenting symptoms,854 and that in a setting with a low prevalence of serious 
infection, it is an important diagnostic “red flag” in itself.855 Dhaliwal recommends that 
clinicians adhere to the principles of evidence-based medicine while also understanding when 
it is appropriate to “go with their gut”.856 Of note, UK police guidelines for the investigation of 
child deaths contain evidence-based research which aims to “advance what is sometimes 
referred to as the ‘detective’s gut instinct’ based on their assimilation of psychological factors 
and anecdotal information”.857  
The participants in this study did report that their decision-making in suspected AHT 
cases is influenced by their personal biases and emotions, such as a disbelief that parents from 
‘nice, middle class families’ could harm their children. However, that they are aware of these 
biases and their potential pitfalls is encouraging, as it provides opportunities for monitoring, 
reflection and deliberative efforts to minimise their negative effects.620 Participants described 
the application of strategies recommended in the literature to avoid errors resulting from bias, 
including attempting to remain objective, consciously considering differential diagnoses, and 
collaborating with multidisciplinary colleagues.620 Many participants felt that PredAHT would 
help them to remain objective when assessing the likelihood of AHT. 
An important issue influencing CP professionals’ decision-making in suspected AHT 
cases is the proposal of scientifically unsupported alternative theories of causation for AHT in 
court. Judges and police officers alluded both to genuine diagnoses that lack scientific 
evidence to explain the injuries associated with AHT (e.g. Vitamin D deficiency) and unproven 
speculative hypotheses with no scientific evidence-base (e.g. that gastro-oesophageal reflux 
causes intracranial pressure leading to intracranial haemorrhage). The use of these flawed 
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theories has created controversy in the courtroom and the media regarding the diagnosis of 
AHT, and has serious consequences for the upholding of justice and the protection of 
children.269 
Clinicians stated that PredAHT would give them more confidence in expressing their 
opinions about the likelihood of AHT in their court reports and in court settings. While 
pathologists and legal practitioners, including judges, appreciated the value of PredAHT for 
encouraging standardisation of clinical investigations, and further clinical or social assessment, 
overall they expressed caution regarding its potential use in court. However, the majority 
would incorporate the probability score with all of the other evidence if it was provided as part 
of a medical report and PredAHT was accepted by the medical community. Previously, high 
profile cases involving the misinterpretation of statistics and probabilistic evidence in the 
courtroom have caused controversy858, 859 and led to the development of a working group 
within the Royal Statistical Society in the UK, to improve the use of statistics in the 
administration of justice. They recommended a broad programme of education for judges, 
lawyers, and expert witnesses in probability theory and statistics.860 One judge and one 
pathologist were concerned that PredAHT would introduce cognitive bias into their decision-
making, suggesting that they may not trust PredAHT to be a valid piece of evidence for their 
decision-making. 
The scientific literature confirms that there are specific patterns of intracranial injury, 
haemorrhagic retinopathy,82 and spinal injuries associated with AHT.26 Various psychosocial 
variables may also be influential.198 Some participants wanted these additional features 
incorporated into PredAHT. However, two very large scale multi-centre prospective studies 
would be needed in order to add further variables and externally validate the updated tool.295 
Meanwhile, the six clinical features in PredAHT are easily identifiable in the early phase of 
clinical assessment and recent studies have further confirmed their association with AHT.226, 
861 
Previous research has identified barriers to the use of CPRs, some of which were 
identified in the current study, such as scepticism of “cook-book” medicine, belief that clinical 
judgment is superior to the tool, distrust of the accuracy of the predictors and concern that the 
CPR does not address all relevant factors.299 Reilly and Evans299 offer a number of strategies to 
overcome these barriers, including comparing clinical judgment with the CPR, and checking 
whether any excluded factors affect the CPRs predictions. Skull fracture was analysed within 
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the original derivation study and did not discriminate between AHT and non-AHT.59 An analysis 
comparing PredAHT with clinical judgment has been conducted and is reported in Chapter 7. 
Participants had varying opinions about what percentage probabilities equate to the 
terms ‘low’, ‘medium’ or ‘high’ likelihood of abuse, and diverse probability thresholds for 
suspecting abuse, although participants stated that PredAHT helped them to quantify risk. This 
is consistent with previous studies that demonstrated that pediatricians struggle to define 
“reasonable suspicion” or “reasonable medical certainty” of abuse.529, 530 Thresholds in CP 
social work have been the subject of much debate in recent years and are affected by a wide 
range of organisational factors, relationships with other professionals, and individual biases, 
heuristics and value systems.862 Similarly, participants postulated that PredAHT may be most 
useful for “grey” cases, where there is significant uncertainty surrounding a diagnosis of AHT. 
In reality, the interpretation of the PredAHT score will depend upon individual perception of 
risk. PredAHT is designed to be an assistive tool rather than a decision rule, which typically 
recommends a direct course of action based on the results299; PredAHT provides no 
recommendations for professionals on what to do based on specific scores. Despite this, the 
majority of participants thought PredAHT would be useful for supporting their opinions and 
decision-making.  
5.5.3 Strengths and limitations 
This study used in-depth qualitative interview methods, which allowed for rich insight 
into the factors influencing CP professionals’ decision-making and multidisciplinary 
collaboration in suspected AHT cases, as well as their detailed evaluations of PredAHT. The 
strengths of this study lie in the wide range of professionals interviewed, the detail, richness, 
and depth of the data, and the robustness of the data analysis. Survey-based methods do not 
allow for such a detailed exploration of participants views.801 While other CPRs have been 
developed for the identification of AHT, as described and evaluated in Chapters 3 and 4, 
respectively, whether clinicians or other practitioners would be prepared to use these CPRs in 
practice is unknown. Investigators very rarely determine the acceptability of CPRs prior to their 
use. To the best of the researcher’s knowledge, the current study is one of only two studies747, 
790 exploring the acceptability of a CPR developed for use in CP, and the first study to have 
done so with a range of professionals.  
There are limitations associated with participant recruitment and the potential 
generalisability of the findings. Despite the inclusion of a range of professional groups and 
clinical subspecialties, additional groups could have made valuable contributions, for example 
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neurologists, intensivists, or ophthalmologists, and their views and experiences may have 
differed compared to the groups included. Most clinical participants were consultants based in 
teaching hospitals with considerable CP experience, and less experienced clinicians were 
under-represented. While the aim was to recruit a minimum of six participants in each 
professional group, only four pathologists were recruited. The fourth pathologist interview 
revealed new insights that the other pathologists had not brought up, suggesting that data 
saturation was not reached with this professional group. This does not necessarily invalidate 
the findings for this group but rather means that further exploration of the topic may be 
warranted with these professionals.811 In addition only a small number of specialists in 
radiology and neurosurgery participated. Since participation was voluntary, the participants 
may have had a particular interest in the identification and investigation of AHT compared to 
other professionals who did not take part, and they may not be representative of the general 
population of professionals involved in suspected AHT cases. However, it should be noted that 
probabilistic representativeness is not a goal of qualitative research.863, 864 While non-
probabilistic sampling methods are often criticised due to the risk of selection bias and 
therefore non-representative samples, qualitative research does not aim to make probabilistic 
generalisations to a population, but to arrive at logical, contextualized generalisations 
regarding the phenomenon under study.863, 864 In addition, participants were randomly 
approached and selected from a larger list of potential participants, which increases the 
credibility of the findings.808 Finally, non-probabilistic sampling methods such as snowball 
sampling have been demonstrated to be successful, powerful and commonly used methods for 
recruiting busy clinicians865 and ‘elite’ individuals such as members of the judiciary,866 who 
may otherwise be difficult to reach. 
Two of the interviews were group interviews conducted with five legal practitioners 
and three judges, respectively. Interviewing multiple people at the same time has limitations, 
as some participants may have withheld information, particularly when discussing a sensitive 
subject such as AHT. In addition, while every effort was made to maximise the individual 
contribution of each participant, by using prompts and probing questions directed to each 
individual in the group, it was clear that two participants dominated the interview with the 
legal practitioners, while in the other interview one judge was more responsive than the other 
two. However, group interviews were only conducted when necessary due to the availability 
and schedules of the professionals, and without the flexibility of allowing this, these individuals 
could not have participated in the study.  
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The data represent the views, experiences and attitudes of professionals as recounted 
to the interviewer rather than observations of their practice, and given the sensitive nature of 
the research, some respondents may have shown a social desirability bias, the propensity to 
respond in a manner likely to be viewed as favourable by the researcher. This may have been 
further confounded by the fact that some of the participants were already known to the wider 
research team, which could have biased the sample. However, despite this, a number of 
participants, including some of those known to the team, exhibited an unfavourable view of 
PredAHT and were open about their opinions and intentions not to use it. Finally, qualitative 
research inevitably relies on the researcher’s interpretations, however, the researcher 
remained reflexive throughout the study and acknowledged and considered how her 
positionality may have affected the research process and outcome. In addition, subjective bias 
was minimised by using three trained qualitative researchers to double-code the data and 
resolve disagreements through discussion and consensus.  
5.5.4 Implications for research and practice 
All professionals who come into contact with children and families have a duty to 
safeguard children and young people and should receive regular training to ensure that they 
are competent in their respective roles.524 Two UK government reports on social work 
interventions required in the CP arena stated the need for the development of an evidence-
based approach and learning culture, to inform good practice; one explicitly recommended the 
use of standardised tools to support decision-making and analysis of information about 
whether a child is suffering, or likely to suffer significant harm.867 The other highlights the 
importance of improving the skills and knowledge of CPSWs.868 This study highlighted gaps in 
the training and knowledge of professionals working in CP; many were unaware that some of 
the clinical features included in PredAHT were indicators of AHT and one CPSW expressed an 
antiquated view that the features of the “triad” are diagnostic for AHT due to out-dated 
training. This means that CPSWs and police officers rely on medical professionals to come to a 
decision as to whether AHT has occurred, while medical professionals believe the expectations 
placed upon themselves are naïve and unrealistic. Taken together, this suggests the need for 
training on the medical aspects of AHT for police officers and CPSWs; the need for 
multidisciplinary training that provides knowledge about the roles of each agency; and regular 
training that is continually updated in line with the evidence. Interestingly, many participants 
felt that the use of PredAHT itself would be helpful for training and peer review purposes. 
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The findings have implications for the further development and implementation of 
PredAHT. Given that some participants wanted confidence intervals while others did not, it 
may be sensible to include an option to display these. Participants’ identified a number of 
conditions under which they would use PredAHT, including if it was used alongside their 
professional judgment, with knowledge of the data on which it is based and the precise 
definitions of the six features, if they understood how it works, and if they received multi-
agency training to agree accepted risk thresholds with colleagues. These are consistent with a 
study exploring the acceptability of a tool to identify abusive or neglectful burns.790 Clinical 
participants also expressed a desire for training on how to incorporate their prior probability of 
AHT. Any training on PredAHT would need to encompass all of these elements. In addition, 
discussions about over-reliance on PredAHT, concern that it may be used improperly or failure 
to investigate appropriately if a low score is given, and the potential ramifications of “false 
positives” or “false negatives” emphasise the importance of providing clear guidance to 
professionals about how PredAHT is intended to be used, namely as an assistive CPR, and not a 
diagnostic tool.  
5.6 Conclusions 
The findings contradict recent literature claiming that AHT is diagnosed based on the 
“triad” alone.251, 252 Rather, decision-making in AHT cases is complex and nuanced, and a 
diagnosis is arrived at only when all potential variables are carefully explored and considered, 
including clinical, historical, forensic and social features and potential differential diagnoses. 
The findings suggest that CPSWs and police officers may benefit from additional, regular 
training in the medical aspects of physical abuse, and that joint training might provide a better 
understanding of the roles, expectations and limitations of each agency, thereby facilitating 
more effective collaboration. 
This evaluation has demonstrated that PredAHT is acceptable to CP professionals across 
a range of disciplines assessing suspected AHT cases, and that they would be willing to use it as 
an adjunct to their decision-making. Although it may be most useful for those with the least CP 
experience or knowledge, it is applicable to all professionals working in this area to help 
reduce missed cases of AHT. These results confirm that the addition of a precise and objective 
evidence-based probability score that calculates the risk of AHT for CP professionals is 
acceptable and potentially useful. This tool, when used in conjunction with a full clinical and 
social history, has the potential to standardise clinical assessment, and minimise subjectivity 
when weighing up the clinical features in cases of possible AHT. Chapter 6 therefore describes 
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a vignette study carried out to determine the potential impact of PredAHT on clinicians’ 
probability estimates of AHT and hypothetical CP actions,748 and Chapter 7 describes a 
multisite feasibility study, conducted to determine whether it is possible to evaluate the 
impact of PredAHT when it is applied in clinical practice. These studies will inform the planning 
and design of a formal impact analysis study and a long term implementation and 
dissemination plan to maximise uptake.301 
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6 Potential impact of the validated Predicting Abusive Head 
Trauma clinical prediction tool: A clinical vignette study 
The results from this chapter were published in the following article (see Appendix 21):   
Cowley LE, Farewell DM, & Kemp AM (2018). Potential impact of the validated Predicting 
Abusive Head Trauma (PredAHT) clinical prediction tool: A clinical vignette study. Child 
Abuse & Neglect, 86: 184-196. 
6.1 Chapter overview 
This chapter presents a novel clinical vignette study conducted with clinicians involved 
in suspected AHT cases.748 Participants included twenty-nine clinicians from different 
specialties, at teaching and community hospitals. Clinicians estimated the probability of AHT 
and indicated their CP actions in six clinical vignettes. One vignette described a child with AHT, 
another described a child with non-AHT, and four represented “grey” cases, where the 
diagnosis was uncertain. Clinicians calculated the PredAHT score, and reported whether this 
altered their probability estimate or CP actions. The “think-aloud” method was used to capture 
the reasoning behind their responses. Analysis included linear modelling, linear mixed-effects 
modelling, chi-square tests, Fisher’s exact tests, intraclass correlation, Gwet’s AC1 coefficient 
and thematic analysis. The findings are placed within the context of the current literature, and 
the implications for research and practice and the strengths and limitations of the approaches 
taken are discussed.  
6.2 Introduction 
As detailed in Chapter 1, the iterative four-phased framework for the impact analysis of 
CPRs recommends that preparatory work is undertaken to assess the acceptability of a CPR 
and the feasibility of evaluating its impact in clinical practice, and to set the groundwork for 
and inform the study design of a formal experimental impact study.300 The qualitative 
interview study presented in Chapter 5 demonstrated that PredAHT is acceptable to a range of 
CP professionals, including clinicians, and that they would be willing to use it in practice.747 
However, before attempting to evaluate the potential impact of PredAHT in clinical practice, it 
is important to understand the likelihood that it would influence clinicians’ judgments and 
decision-making, and the reasons why clinicians may or may not follow the logic of the CPR 
when applying it to specific cases. Considering the potential impact of a CPR is a key step in 
translating CPRs into clinical practice.299 A useful strategy to engage clinicians in the 
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preparatory phase of CPR evaluation is the use of a simulation exercise.300 Such studies may 
provide preliminary evidence regarding the effect of CPRs on clinicians’ decision-making 
processes.667, 678, 790, 869 For example, a clinical vignette study exploring whether clinicians 
would follow the recommendations of a CPR to identify paediatric burns due to child 
maltreatment demonstrated that while clinicians were willing to use the CPR, there was 
substantial variation among them regarding the extent to which they would follow its 
recommended actions.790 Therefore, prior to conducting a study in clinical practice, a 
preliminary exploratory study was conducted using six carefully designed clinical vignettes, in 
order to assess the impact of PredAHT on clinicians’ probability estimates of AHT and their 
hypothetical CP actions. 
6.2.1 Aims of the vignette study 
Using six clinical vignettes, this study aimed to explore the impact of PredAHT on 
clinicians’ probability estimates of AHT, and their proposed CP actions, assessing the degree of 
agreement between clinicians’ opinions both before, and after, using PredAHT. 
6.3 Methods 
This was a vignette-based cross-sectional survey study with clinicians involved in 
suspected AHT cases. The concurrent “think-aloud” method was used to capture participants 
reasoning behind their responses.870 The study therefore adopted a mixed methods approach, 
using qualitative methods to gain a comprehensive understanding of the quantitative results 
by incorporating the perspectives of the participants.871 The convergent mixed methods design 
was used, whereby the quantitative and qualitative data were collected simultaneously, 
analysed separately, and integrated to determine whether the findings confirmed or 
disconfirmed each other.871 
6.3.1.1 Philosophical underpinning for mixed methods research 
Pragmatism provides a philosophical basis for conducting mixed methods 
research.871 Pragmatism is a research paradigm that “sidesteps the contentious issues of truth 
and reality.”872(p.8) Within a pragmatic paradigm, the epistemological stance is that any way of 
thinking or doing that leads to pragmatic solutions, is useful. Therefore, pragmatism “focuses 
instead on ‘what works’ as the truth regarding the research questions under 
investigation”,873(p.173) and advocates the use of multiple approaches to deriving knowledge 
about a research question.871, 872, 874 Thus, in this study, both quantitative and qualitative 
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approaches were used to provide a broad and in-depth understanding of the potential impact 
of the PredAHT tool on clinicians’ judgments and decision-making.871 
6.3.2 Rationale 
Vignettes are short, carefully created and realistic descriptions of a person or scenario, 
representing systematic combinations of characteristics, and designed to simulate key features 
of real-world situations.875, 876 In the experimental vignette methodology, vignettes are 
presented to participants in order to elicit their attitudes, intentions, judgments and decision-
making processes regarding the scenarios.875-878 There are a number of advantages of vignette 
studies. They are ideal for analysing clinical judgments and decision-making under uncertainty, 
as they allow researchers to systematically manipulate certain variables while controlling for 
others, and therefore to assess how clinicians judgments are affected by a variety of 
experimental factors.875-880 Put another way, the systematic manipulation and control of 
variables allows researchers to measure multiple predictors of clinician behaviour, and to 
determine the relative importance of different variables on clinician behaviour and thus how 
multiple pieces of information are combined during decision-making.596, 877 Vignettes can be 
constructed in a way that overcomes the correlation between variables as they occur in clinical 
practice, while still remaining realistic.881, 882 Furthermore, the effects of participant 
demographics and characteristics can be examined in the analysis,875, 877, 881, 882 in addition to 
variability in clinicians’ judgments and decision-making.883 Vignettes are inexpensive and 
provide standardized data that can be consistently and meaningfully interpreted.877, 880, 883 
Vignettes are an ideal medium to explore judgments and decision-making around 
sensitive topics, as they are non-personal, and they are a useful alternative to traditional 
experiments when there are ethical issues associated with the experimental manipulation of 
variables in practice.878, 884 Finally, different forms of response can be used in combination 
with vignette-based surveys.885 The concurrent “think-aloud” method is particularly useful to 
examine professionals’ thought processes and rationale as they read through the vignettes and 
answer the survey questions.870, 886-888 The “think-aloud” method explicitly instructs 
participants to articulate their thoughts and feelings as they perform a task.870, 880, 889-891 It is a 
process tracing method that examines the cognitive processes involved in decision-making, 
including how judgments change over time as new information is acquired, and the aspects of 
information that are focussed on during decision-making.870 The “think-aloud” technique is 
traditionally used in cognitive interviewing to validate survey or questionnaire items,892-894 
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however it is increasingly being used to study clinicians’ diagnostic reasoning and clinical 
decision-making, often alongside vignettes.895-898  
6.3.3 Vignette design 
Six clinical vignettes were designed according to methodological recommendations 
and best practices described in the literature and reported in Appendix 22.877, 878 All vignettes 
described children <3 years old with ICI evident on neuroimaging, as this is the population the 
PredAHT tool is intended for. They were derived from a combination of the scientific literature, 
the findings from the qualitative study reported in Chapter 5,187, 747 the clinical experience of 
the supervisory team, and actual cases of suspected AHT encountered during previous 
research.60 The vignettes consisted of experimental features that were systematically 
manipulated to explore their effect on clinicians’ judgments and decision-making, controlled 
features that were kept consistent to minimize extraneous variance, and contextual features 
to enhance the verisimilitude and realistic quality of the scenarios.877 This ensured that the 
vignettes were structurally similar, and equivalent in all major respects apart from the 
intentional manipulation of experimental variables.877 
Table 6.1 lists the key features of each vignette including the corresponding calculated 
PredAHT percentage probability and likelihood ratio; Table 6.2 includes the full vignettes as 
presented to clinicians. Each vignette comprised two sections. Section one included the child’s 
age, gender, any history of trauma or social history, and the characteristics of the ICI. Section 
two included the clinical information required to complete PredAHT, namely; whether the six 
clinical features (head/neck bruising, apnoea, seizures, rib/long-bone fractures, RH) were 
present, absent or unknown. Two vignettes were based on real cases encountered in the 
original PredAHT validation study,60 where the outcome was confirmed after thorough clinical 
evaluation and by multidisciplinary CP assessment. One described a child with confirmed AHT 
(“V1:AHT”), the other a child with confirmed nAHT (“V2:nAHT”). Demographic details, that 
would be unlikely to influence the diagnosis, were altered to protect the identity of the 
children. It was hypothesized that PredAHT would have the greatest impact on clinicians 
judgments and decision-making in “grey” cases, where there is uncertainty surrounding the 
diagnosis.899 The remaining four vignettes were designed to represent such cases. Based on 
the findings of Chaiyachati et al.,899 who found that there was no one component of the injury, 
incident or history associated with uncertainty around the perceived likelihood of physical 
abuse, two grey cases were created (“V3:AHT*” and “V4:nAHT*”) by altering elements of the 
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history and social history from “V1:AHT” and “V2:nAHT” but keeping the clinical features the 
same. Changes are indicated in italics (Table 6.2). Similar approaches have been taken in 
previous vignette studies evaluating clinicians’ perceived likelihood of physical abuse.533, 535 In 
addition, the scientific literature and the findings from the qualitative study reported in 
Chapter 5 suggest that the history and social history are key factors influencing clinicians’ 
decision-making in suspected AHT cases.9, 187, 198 These factors may influence how PredAHT 
impacts upon clinicians’ AHT probability estimates and proposed CP actions.747 
In “V3:AHT*” the child is older than in “V1:AHT”, and it is developmentally plausible 
that a short fall occurred. There was no delay in presentation and the explanation was  
consistent; delay in seeking medical care and inconsistencies within the history are both 
suggestive of child abuse and it is important to rule these out during history-taking.333 
However, the incident was unwitnessed, and the clinical features and severity of the injuries 
appear discordant with the mechanism of injury; the evidence base in support of the theory 
that short falls can cause the signs and symptoms of AHT is weak.268 It is widely accepted in 
the literature that severe ICI or RH very rarely result from minor head trauma.900 In addition, in 
a rigorous systematic review of the differential diagnoses of RH in children with features 
concerning for abuse, no RH were found in children with prolonged apnoea associated with an 
apparent life threatening event, and only 3% of children with seizures had associated RH.409 In 
“V4:nAHT*”, there are inconsistencies within the history, a delay in presentation, plus social 
concerns within the family that may increase suspicion of AHT in comparison to “V2:nAHT”.198, 
333 In addition, linear parietal skull fractures are neither indicative of AHT or nAHT, since a skull 
fracture resulting from impact is the commonest cause of accidental head trauma but can also 
occur in AHT.374, 901   
Two further grey cases (“V5:ICI-only” and “V6:missing”) were developed around one of 
the most challenging clinical scenarios whereby a baby has ICI with no additional clinical 
features suggestive of abuse, making confirmation or exclusion of abuse more difficult. In the 
absence of confirmed accidental trauma or a medical aetiology, multiple subdural 
haemorrhages are suspicious for child maltreatment586 and three months of age is thought to 
be on the developmental cusp of when an infant starts to roll over.902 “V6:missing” is almost 
identical to “V5:ICI-only”, but neither skeletal radiology or ophthalmology examination were 
undertaken. Changes are indicated in italics (Table 6.2). These vignettes were created to 
explore the effects of missing investigation results and the imputation feature of PredAHT on 
clinicians’ judgments and decision-making. 
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The vignettes were reviewed by the supervisory team, two of whom are paediatricians 
with substantial clinical and academic expertise in the field of child abuse. The vignettes were 
revised accordingly to improve their clarity and construct validity i.e. the degree to which they 
approximate a real-life clinical case.876, 877 Finally, they were pilot tested with one clinician, who 
felt they were clear, and reflected cases that may plausibly be encountered in clinical practice.  
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Table 6.1 Key features of each of the six clinical vignettes 
 Information given in Section 1  Information given in Section 2 PredAHT Results 
Vignette Presentation, 
History and Social History 
CT Scan Results B A S RF LBF RH Percentage 
Probabilitya 
Likelihood 
ratio 
1:AHT 3 months old 
Lethargy, vomiting 
No history of trauma 
HII affecting both cerebral 
hemispheres, brainstem and 
thalami; hyperdense SDH at 
the vertex 
No Yes Yes ? ? Yes 98.4% 118.79 
2:nAHT 23 months old 
No delay in presentation 
Fall from chair at a height of 
1.5 metres onto tiled floor 
Consistent history between 
parents & over time 
Frontal lobe hyperdense SDH 
Linear, undisplaced skull 
fracture of left frontal 
parietal bone 
Yes No No No No No 14.2% 0.32 
3:AHT* 14 months old 
Lethargy, vomiting 
No delay in presentation 
Unwitnessed short fall onto 
wooden floor 
Consistent history over time 
HII affecting both cerebral 
hemispheres, brainstem and 
thalami; hyperdense SDH at 
the vertex 
No Yes Yes ? ? Yes 98.4% 118.79 
4:nAHT* 23 months old 
Six hour delay in presentation  
Initially no history of trauma 
Possible fall from chair at a 
height of 1.5 metres onto 
tiled floor 
Domestic violence concerns 
Previous children’s services 
involvement 
Frontal lobe hyperdense SDH 
Linear, undisplaced skull 
fracture of left frontal 
parietal bone 
Yes No No No No No 14.2% 0.32 
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5:ICI-only 3 months old 
Lethargy, vomiting 
Rolled off sofa onto the floor 
Multiple small bilateral SDHs No No No No No No 3.7% 0.08 
6:missing 3 months old 
Lethargy, vomiting 
Rolled off the sofa onto the 
floor 
Multiple small bilateral SDHs No No No ? ? ? 10.4% 0.22 
B, head/neck bruising; A, apnoea; S, seizures; RF, rib fractures; LBF, long-bone fractures; RH, retinal haemorrhage’s, PredAHT, Predicting Abusive Head Trauma tool; HII, 
hypoxic ischemic injury; SDH, subdural haemorrhage 
a This was calculated using the “baseline” prior probability of 34%, the prevalence of abusive head trauma in the data 
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Table 6.2 The six clinical vignettes as presented to clinicians 
V1:AHT Section 1: A 3-month-old female infant presents to the hospital with lethargy 
and vomiting and no history of trauma. A CT scan of head reveals hypoxic 
ischaemic injury affecting both cerebral hemispheres, the brainstem and the 
thalami, and an acute (i.e. hyperdense) subdural haemorrhage at the vertex. 
 
Section 2: Apnoea and seizures are noted to be present, but there is no 
evidence of head or neck bruising. The ophthalmology exam reveals bilateral 
superficial and deep multi-layered retinal haemorrhages. Location: Zone 1 and 
outside Zone 1, posterior pole and periphery. Number: confluent. Additional 
features: macular detachment and retinal folds adjacent to the macular. A 
skeletal survey is not performed and so it is unknown whether the child has 
any rib or long-bone fractures. 
V2:nAHT Section 1: A 23-month-old female infant presents to the hospital immediately 
following a head trauma. Both parents, when interviewed separately, said 
that the child had fallen off a chair at a height of approximately 1.5 metres 
onto a tiled floor. Both parents’ accounts remain consistent over time. 
Inflicted trauma is vehemently denied. A CT scan of head reveals a frontal 
lobe hyperdense subdural haemorrhage and a linear, undisplaced skull 
fracture of the left frontal parietal bone.  
 
Section 2: Apnoea and seizures are noted to be absent. Bruising to the scalp 
and cheeks is noted. The ophthalmoscopy exam and skeletal survey are both 
negative.  
V3:AHT* Section 1: A 14-month-old male infant presents to the hospital with lethargy 
and vomiting. His father states that he left the room momentarily and found 
him on the wooden floor after falling indoors. He brought him to the 
emergency department immediately and his story remains consistent over 
time. He denies inflicted trauma and states that the child has recently began 
to walk independently. A CT scan of head reveals hypoxic ischaemic injury 
affecting both cerebral hemispheres, the brainstem and the thalami, and an 
acute (i.e. hyperdense) subdural haemorrhage at the vertex.  
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Section 2: Apnoea and seizures are noted to be present, but there is no 
evidence of head or neck bruising. The ophthalmology exam reveals bilateral 
superficial and deep multi-layered retinal haemorrhages. Location: Zone 1 and 
outside Zone 1, posterior pole and periphery. Number: confluent. Additional 
features: macular detachment and retinal folds adjacent to the macular. A 
skeletal survey is not performed and so it is unknown whether the child has 
any rib or long-bone fractures.  
V4:nAHT* Section 1: A 23-month-old female infant presents to the hospital with her 
mother. Initially no history of trauma is provided but following questioning the 
mother states that the child may have fallen off a chair at a height of 
approximately 1.5 metres onto a tiled floor. There are concerns about 
domestic violence within the family and there has been previous involvement 
with social services. It emerges that the incident occurred approximately six 
hours prior to presentation to the hospital. A CT scan of head reveals a frontal 
lobe hyperdense subdural haemorrhage and a linear, undisplaced skull 
fracture of the left frontal parietal bone. 
  
Section 2: Apnoea and seizures are noted to be absent. Bruising to the scalp 
and cheeks is noted. The ophthalmoscopy exam and skeletal survey are both 
negative.  
V5:ICI-only Section 1: A 3-month-old female infant presents to the hospital with lethargy 
and vomiting. The parents state that the baby rolled off the sofa onto the 
floor. A CT scan of head reveals multiple small bilateral subdural 
haemorrhages.  
 
Section 2: Apnoea and seizures are noted to be absent, and there is no 
evidence of head or neck bruising. The ophthalmology exam and skeletal 
survey are both negative.  
V6:missing Section 1: A 3-month-old female infant presents to the hospital with lethargy 
and vomiting. The parents state that the baby rolled off the sofa onto the 
floor. A CT scan of head reveals multiple small bilateral subdural 
haemorrhages. 
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Section 2: Apnoea and seizures are noted to be absent, and there is no 
evidence of head or neck bruising. An ophthalmology exam and a skeletal 
survey have not yet been performed, and so it is unknown whether the child 
has any rib or long-bone fractures, or retinal haemorrhages. 
 
6.3.4 Participant recruitment 
Participants were recruited at the same time and using the same methods as described 
in the qualitative study reported in Chapter 5,187, 747 namely purposive and snowball sampling. 
Clinicians were recruited from three teaching hospitals and two district general hospitals in 
south west UK. The researcher targeted clinicians from different specialties who are involved 
in the evaluation and investigation of suspected AHT and who therefore contribute to the final 
clinical diagnosis of AHT. Briefly, a list of potential participants was identified through personal 
contacts of the research team. A random selection of 40 clinicians from this list, across a range 
of specialities and with different levels of CP experience and seniority, were then invited to 
take part. 
6.3.5 Data collection procedure  
All participants were given the participant information sheet to read and keep 
(Appendix 8) and informed consent was obtained (Appendix 23). Demographic data and 
information regarding participants’ CP experience and training were collected in order to 
describe the characteristics of the sample and for analysis purposes (Appendix 11). The 
researcher explained how PredAHT was developed and validated, and described its various 
features and intended purpose to each participant. The six vignettes were presented to each 
participant in a random sequence, to account for possible order effects. The data collection 
procedure is outlined in Figure 6.1 and took approximately 45 minutes. Participants first 
estimated their own “prior” probability of AHT for each vignette based on the information 
given in section 1 (see Table 6.2). They then estimated their Time 1 probability of AHT and 
indicated their Time 1 proposed CP action for each vignette, based on further information 
given in section 2. The PredAHT probability score was then calculated for each vignette using 
the clinicians’ prior probability, and the clinical details in section 2. Finally, participants 
estimated their Time 2 probability of AHT and indicated their Time 2 proposed CP action for 
each vignette, after seeing the PredAHT probability score. CP actions were aligned with three 
categories of concern (Table 6.3), as per National Institute for Health and Care Excellence child 
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maltreatment guidelines586; clinicians could choose multiple options. Participants were asked 
to respond as they would if they were to see the patient in clinical practice, and to mitigate 
observer effects they were assured that they were not being tested on their judgments or 
decision-making processes883. Free text boxes were included for comments at the end of each 
vignette. Data were collected between May and September 2016; all clinicians were shown 
Version 2 of the computerised PredAHT, as described in Chapter 4.  
6.3.5.1 Think-aloud method 
Participants were asked to verbalise their thought processes while completing the 
survey, using the concurrent “think-aloud” method.870 This method is based on the 
assumption that an individual’s cognitive processes are directly accessible as verbal data.870 
Participants were instructed to report their thoughts out loud when reading through the 
vignettes and deciding on their estimated probabilities of AHT and their proposed CP actions. If 
participants paused for longer than a few seconds, the researcher reminded them to keep 
thinking aloud. Otherwise, all interaction between the participant and researcher was 
minimised so as not to interrupt the participants’ flow of thoughts. This enabled participants’ 
verbalisations to be transcribed by the researcher in real time. 
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Figure 6.1 Flowchart of data collection procedure 
 
 
AHT = abusive head trauma, PredAHT = Predicting Abusive Head Trauma tool. 
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Table 6.3 Possible child protection actions and associated categories of concern in line with 
National Institute for Health & Care Excellence (NICE) child maltreatment guidelines 
Indicated child protection action Category 
No further child protection action  No concern (abuse excluded) 
Investigate 
further: 
Discuss with line manager 
Concern (abuse considered) 
Discuss with child protection colleague 
 Gain collateral information from other 
agencies and health disciplines (e.g. 
health visitor) 
 Order further investigations (please 
specify) 
Refer to children’s services Suspicion (abuse suspected) 
 
6.3.6 Ethical issues 
6.3.6.1 Ethical approval 
The researcher contacted the Research and Development department of Cardiff and 
Vale University Health Board who confirmed that ethical approval from a National Health 
Service Research Ethics Committee was not required. An amendment to the qualitative study 
reported in Chapter 5 was submitted to the Cardiff University School of Medicine Research 
Ethics Committee on August 21st 2015 to request the use of vignettes with clinicians; this was 
approved on Friday 9th October 2015 (Appendix 14). The Research and Development 
departments of all health boards of the participating hospitals were contacted prior to study 
commencement to obtain approval to carry out the study at each site. 
6.3.6.2 Data management 
Data were stored and managed in accordance with the Data Protection Act 1998. 
Transcripts and completed surveys were securely stored on a password-protected, confidential 
Cardiff University server. All transcripts, completed surveys, consent forms and demographic 
data will be held securely for 15 years, in line with Cardiff University research data policies. 
After this, all data will be destroyed.  
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6.3.7 Quantitative analysis  
Analysis focused on determining the impact of PredAHT on clinicians’ probability 
estimates of AHT and their proposed CP actions, and assessing the degree of agreement 
between their probability estimates and proposed CP actions both before, and after, seeing 
the PredAHT score. Statistical analyses were performed using R software version 3.2.3742; 
p<0.05 was considered statistically significant. Exploratory data analysis was conducted 
through graphical displays, to determine plausible models for the data and examine 
relationships between variables. All figures were produced using bespoke R scripts written by 
the researcher.  
6.3.7.1 Impact of PredAHT on clinicians probability estimates of AHT 
Firstly, the impact of PredAHT on clinicians’ probability estimates of AHT was 
assessed for each vignette. Six linear models were fitted, using the formula:  
y2 = y1 + 𝛽 (t − y1) + ε 
where y2 is the Time 2 probability estimate, y1 is the Time 1 probability estimate, t is the 
PredAHT score with clinicians’ priors, 𝛽 is the slope, and ε is the error term. The slope 
represents the average proportion of the distance between y1 and t that clinicians move. For 
example, if y1 = 50%, t = 70% and y2 = 60%, then 𝛽 = 0.5. A slope of 0 indicates no difference 
between clinicians’ Time 1 and Time 2 probability estimates on average (if 𝛽 = 0, y2 = y1 + ε), 
while a slope of 1 means that clinicians’ Time 2 probability estimates are the same as the 
PredAHT score on average (if 𝛽 = 1, y2 = t + ε). The intercept was not included, as the expected 
value of the independent variable given that the dependent variable is 0, is 0.903 In other 
words, if y1 – t = 0, then y2 – y1 will also equal 0. 
Next, the overall impact of PredAHT across vignettes was assessed. Due to the 
multilevel nature of the data (vignette level and clinician level), analyses that focus on both 
levels simultaneously must be used.875, 878 Several linear mixed models were fitted, with 
random effects at the vignette and clinician levels. To examine the influence of clinician 
demographics (hospital type, clinician specialty, clinician age, years of CP experience, 
paediatric head injury training, clinician seniority), a reduced model with the fixed effect 
described in the formula above and the random effects, was compared with six models 
allowing the average proportion moved to vary across the categorical demographic variables. 
The R package “lme4” was used for mixed model fitting.904 Models were fitted using the 
maximum likelihood criterion, to enable comparison using likelihood ratio tests. Profile 
likelihood confidence intervals were computed for model parameters. The R package 
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“multcomp” was used to obtain p-values for fixed effects coefficients,905 and the contrast 
function within the “lsmeans” package was used for pairwise comparisons between factor 
levels.906 
6.3.7.2 Impact of PredAHT on clinicians proposed child protection actions 
To analyse whether certain clinicians were more likely to change their proposed CP 
action after seeing the PredAHT score, or whether clinicians were more likely to change their 
proposed CP action only in certain vignettes after seeing the PredAHT score, the chi-square 
test of independence and Fisher’s exact test were used to examine associations between 
categorical variables (change in CP action vs. hospital type, clinician specialty, clinician age, 
years of CP experience, paediatric head injury training, clinician seniority, and vignette). In 
contingency tables with more than one degree of freedom, Fisher’s exact test is recommended 
over the chi-square test if more than 20% of the cells have expected values of less than five or 
if any cell has an expected value of less than one.907 A change in CP action was specified as one 
associated with an increase or decrease in the level of concern from Time 1 to Time 2 (see 
Table 6.3).  
6.3.7.3 Inter-rater reliability of clinicians’ probability estimates of AHT 
Inter-rater reliability statistics were estimated to assess the degree of agreement 
between clinicians in their three probability estimates across the six vignettes. There are many 
inter-rater reliability indices available for different study designs; some, such as Cohen’s kappa 
are only applicable for categorical data908; others, such as the Bland-Altman limits of 
agreement, are only applicable when there are two raters.909 For this analysis, the intra-class 
correlation coefficient (ICC) was deemed the most suitable, since the data were continuous 
and multiple raters (29 clinicians) participated.910 The ICC can be interpreted as “the 
proportion of observed variance in ratings that is due to systematic between-target differences 
compared to the total variance in ratings”.911 The ICC is a number ranging from 0 to 1 where 
values closer to 1 represent greater agreement.912 McGraw and Wong913 described ten 
different forms of ICCs, which are applicable for different scenarios and dependent upon 
different assumptions about the data. The choice of ICC used is determined by the study 
design and is guided by four principal considerations.912, 914, 915 The first is whether all 
vignettes were rated by the same clinicians. The second is whether or not the clinicians were 
theoretically considered to be drawn from a larger population of clinicians with similar 
characteristics. If different clinicians rated each vignette, a one-way random effects model 
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should be used. If the same clinicians rated each vignette and the clinicians were assumed to 
be a random sample of a larger population of clinicians, a two-way random effects model is 
appropriate. A two-way mixed effects model should be used if the focus is only on the 
agreement between the specific clinicians in the study sample. The third consideration is 
whether the purpose of the ICC is to quantify reliability based on single raters or the average of 
all raters. The fourth is whether good reliability should be characterised by consistency or 
absolute agreement.912, 914, 915  
As the study design is fully crossed, i.e. with all clinicians each rating all six vignettes, 
and the intention was to generalise the results to a larger population of clinicians, a two-way 
random effects model was applicable. In addition, single measures ICCs were reported since 
the ratings were not averaged prior to the analysis. Finally, as the focus was on agreement 
between clinicians’ absolute probability estimates rather than similarities in rank ordering, 
absolute agreement was chosen over consistency.912, 914, 915 The R package “psych” was used 
to compute the ICC coefficients, with 95% confidence intervals, for clinicians’ prior, Time 1 and 
Time 2 probability estimates.916 
A number of biostatisticians have devised guidelines for the interpretation of 
agreement coefficients.912, 917-921 For ICCs, the guidelines developed by Cicchetti and 
Sparrow917 and Portney and Watkins920 are commonly cited in the literature. Cicchetti and 
Sparrow917 suggested that values less than 0.40 indicate poor reliability, values between 0.40 
and 0.59 indicate moderate reliability, values between 0.60 and 0.74 indicate good reliability, 
and values between 0.75 and 1.00 indicate excellent reliability. The guidelines proposed by 
Portney & Watkins920 are more conservative, with values less than 0.50 indicating poor 
reliability, values between 0.50 and 0.75 indicating moderate reliability, and values greater 
than 0.75 indicating good reliability. Koo and Li912 support the use of Portney & Watkins920 
guidelines, with the slight modification that values between 0.75 and 0.90 indicate good 
reliability and values greater than 0.90 indicate excellent reliability. The 95% confidence 
interval of the ICC estimate was used as the basis to evaluate reliability, in line with published 
recommendations.912  
6.3.7.4 Inter-rater reliability of clinicians’ proposed child protection actions  
For categorical data with multiple raters, Fleiss’ kappa coefficient,922 a chance-
corrected agreement coefficient and an extension of Scott’s pi statistic,923 is a very popular 
index for estimating inter-rater reliability and is widely used. However, this agreement 
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measure has been heavily criticized as it often yields coefficients that are paradoxically low in 
comparison to the observed percent agreement.924, 925 This so called “kappa paradox” is 
widely acknowledged and described in the literature.924-930 In addition, Fleiss’s variance 
estimator assumes no agreement between raters beyond chance and so cannot be used for 
confidence interval construction to measure the precision of the coefficient, and it does not 
take into account variability due to the sampling of raters, meaning that the results cannot be 
generalised to a larger population of raters.931 Finally, it has been suggested that Fleiss’ kappa 
is inappropriate for fully crossed designs as it is assumed that a new sample of raters is 
selected to rate each subject.914  
An alternative and more stable multiple-rater agreement coefficient, the AC1, was 
consequently proposed by Gwet.924 Gwet’s AC1 is suitable for fully crossed designs.931 Gwet’s 
estimator can be used for constructing confidence intervals, and allows for generalisation to a 
larger population of both subjects (vignettes) and raters (clinicians).931, 932 Gwet’s AC1 has also 
been proven to be robust to the “kappa paradox” and to demonstrate plausible values in line 
with observed percent agreement values.927, 930, 933-935 Its use is increasingly recommended927, 
930, 935, 936 but it is yet to appear widely in the medical literature. Inter-rater agreement 
between clinicians’ proposed CP actions at Time 1 and Time 2 was therefore estimated using 
Gwet’s AC1 coefficient; the R code used is available from 
http://www.agreestat.com/r_functions.html. Jackknifing was used to estimate the variance 
due to the sampling of clinicians, as described in Gwet.932 The jackknife is a resampling method 
particularly useful for variance estimation. In the simplest case, used here, jackknife 
resampling is accomplished by sequentially deleting single cases from the original sample.937 
Regarding the interpretation of the AC1 statistic, Gwet recommends an approach that 
takes into consideration the precision with which the coefficient was estimated.938 This 
involves subtracting a “critical value” from the obtained coefficient before it can be compared 
to published guidelines. This critical value “represents the 95th percentile of the coefficient 
when the rating of subjects is performed randomly”.938(p.130) The guidelines proposed by 
Landis and Koch921 are the most commonly used to aid interpretation of this type of 
agreement coefficient.938 These suggest that values less than 0.0 are poor, values between 0.0 
and 0.20 are slight, values between 0.21 and 0.40 are fair, values between 0.41 and 0.60 are 
moderate, values between 0.61 and 0.80 are substantial, and values between 0.81 and 1.00 
are almost perfect.921  
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6.3.7.5 Impact of clinicians’ priors on PredAHT score 
The PredAHT score was compared with and without clinicians’ prior probabilities, to 
assess the impact of clinicians’ priors for each vignette.  
6.3.7.6 Comparison of clinicians’ likelihood ratios with the PredAHT likelihood ratios 
Clinicians’ likelihood ratios for the clinical evidence were calculated by converting 
their prior and Time 1 probabilities of AHT back to odds and dividing their Time 1 odds by their 
prior odds. These were compared with the likelihood ratios calculated by PredAHT. 
6.3.8 Qualitative analysis 
Charters891 argues that “think-aloud” data can be viewed through a qualitative lens. 
Participants’ verbal data and free text comments were classified into themes using thematic 
analysis.799 Thematic analysis has been used to analyse “think-aloud” data in a number of 
studies.898, 939 Analysis entailed grouping codes into categories, and further arranging 
categories under overarching themes. This involved six phases including 1) familiarisation with 
the data 2) generating initial codes 3) searching for themes 4) reviewing themes 5) defining 
and naming themes and 6) writing up the results.799 To enhance the trustworthiness and rigor 
of the thematic analysis, a purposeful approach was adopted.940 The researcher developed an 
analytic framework that was amended as new data were collected; all categories and their 
definitions are detailed in the framework (Appendix 24). Codes, categories and themes 
generated from the data were discussed at research team meetings; disagreements regarding 
data interpretation were resolved by consensus. In the interests of reflexivity, the researcher 
considered how her own values and assumptions as a student involved in developing PredAHT 
might influence the interpretation of the findings. 
6.3.9 Hypotheses 
It was hypothesized that PredAHT would have a greater impact on clinicians judgments 
and decision-making in the four “grey” cases (“V3:AHT*”, “V4nAHT*”, “V5:ICI-only” and 
“V6:missing”) compared to the two confirmed cases of AHT and nAHT (“V1:AHT” and 
“V2:nAHT”). Furthermore, PredAHT was expected to have a greater impact in “V3:AHT*” 
compared to “V1:AHT”, where the clinical features are the same but the history is less 
concerning, and in “V4:nAHT*” compared to “V2:nAHT”, where the clinical features are the 
same but the history and social history are more concerning. Finally, it was hypothesized that 
PredAHT would have a greater impact on younger, junior clinicians, those working in district 
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general hospitals, those with no specific training in paediatric head injuries, and clinicians with 
the least experience of CP work.  
6.4 Results  
6.4.1 Quantitative results 
6.4.1.1 Response rates  
Response rates are shown in Figure 6.2. Altogether 35 clinicians were invited to 
participate in both the qualitative study reported in Chapter 5187, 747 and the current vignette 
study (see Figure 5.2, Chapter 5); an additional five clinicians were invited to take part in the 
vignette study only. All vignettes were completed by 29 clinicians in a fully-crossed design 
between April–September 2016. Twenty-four of the clinicians also took part in the qualitative 
study. Data regarding the demographics and characteristics of non-responders and non-
attendees were not collected.  
 
Figure 6.2 Flowchart of clinicians participating in the vignette study 
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6.4.1.2 Participant demographics and characteristics 
Participant demographics, and their CP experience and training are reported in Table 
6.4.  
 
Table 6.4 Demographics and characteristics of clinicians participating in the vignette study 
Demographics / 
Characteristics 
Community 
Paediatricians  
(N = 15) 
General 
Paediatricians  
(N = 9) 
Other  
Specialty  
(N = 5) 
n % n % n % 
Gender       
  Female 15 100 2 22.2 4 80 
  Male 0 0 7 77.8 1 20 
Age group       
  25–34 0 0 1 11.1 1 20 
  35–44 5 33.3 4 44.4 3 60 
  45–54 6 40 3 33.3 0 0 
  55–64  4 26.7 1 11.1 1 20 
Ethnicity       
  White British 12 80 6 66.7 4 80 
  White Other 2 13.3 1 11.1 1 20 
  Indian 1 6.7 2 22.2 0 0 
Years in CP       
  5–9 3 20 2 22.2 2 40 
  10–20 4 26.7 3 33.3 1 20 
  >20 8 53.3 4 44.4 2 40 
CP training       
  Yes 15 100 9 100 5 100 
  No 0 0 0 0 0 0 
Paediatric HI training       
  Yes 11 73.3 4 44.4 5 100 
  No 4 26.7 5 55.6 0 0 
Hospital Type       
  Teaching 11 73.3 5 55.6 5 100 
  District general 4 26.7 4 44.4 0 0 
Seniority       
  Consultant 8 53.3 9 100 3 60 
  Associate specialist 5 33.3 0 0 0 0 
  Trainee doctor 2 13.3 0 0 1 20 
  Senior staff nurse 0 0 0 0 1 20 
 
CP = child protection, HI = head injuries. 
6.4.1.3 Exploratory data analysis 
There were no missing data. A visual inspection of the raw data found no obvious 
order effects (Appendix 25). A scatterplot matrix (Appendix 26) showed a positive linear 
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relationship between clinicians’ prior, Time 1 and Time 2 probabilities of AHT, therefore linear 
models were deemed appropriate for the data. The correlation between clinicians’ Time 1 and 
Time 2 probabilities was greater than the correlation between their prior and Time 1 
probabilities, as measured by the Pearson correlation coefficient, suggesting greater 
differences between clinicians’ prior and Time 1 probabilities than between their Time 1 and 
Time 2 probabilities. Clinicians’ probability estimates of AHT were visualized with a parallel 
coordinates plot (Appendix 27). Parallel coordinates plots are useful for visualizing multivariate 
data and examining relationships among multiple variables. Each clinician is represented by a 
different coloured connected line that joins their probability estimates for each vignette, 
resulting in a multivariate “signature” for each clinician and therefore enabling comparison of 
AHT probability estimates both within and between clinicians. A boxplot comparing clinicians’ 
Time 1 probabilities of AHT with the PredAHT score (incorporating clinicians’ prior 
probabilities) showed that clinicians’ Time 1 probabilities were lower on average than the 
PredAHT score in “V1:AHT” and “V3:AHT*”, but higher on average than the PredAHT score in 
“V2:nAHT”, “V4nAHT*”, “V5:ICI-only” and “V6:missing” (Appendix 28). These differences were 
more pronounced when comparing clinicians’ Time 1 probabilities of AHT with the PredAHT 
score using the baseline prior probability, in “V4:nAHT”, “V5:ICI-only” and “V6:missing” 
(Appendix 29). 
Figure 6.3 shows clinicians’ prior, Time 1 and Time 2 probability estimates for each of 
the six vignettes while Table 6.5 reports the means, standard deviations, and minimum and 
maximum values. Higher estimates equate to a greater perceived likelihood of AHT. The 
highest mean prior probability estimates were given for “V1:AHT” and the lowest for 
“V2:nAHT”. Clinicians’ prior probabilities were higher in “V1:AHT” compared to “V3:AHT*” and 
in “V4:nAHT*” compared to “V2:nAHT”, i.e. where the neuroradiological features are the same 
but there is a more concerning history and/or social history. At Time 1 and Time 2, the highest 
mean estimates were given for “V1:AHT” and “V3:AHT*”. These were also the vignettes with 
the greatest agreement between clinicians. The lowest mean estimates were given for 
“V2:nAHT”; estimates for “V4:nAHT*” were higher than “V2:nAHT”, with greater agreement 
between clinicians. Estimates for “V6:missing” were higher than for “V5:ICI-only”, where the 
history and presentation are the same but fractures and RH are unknown about rather than 
absent. There was low agreement in both “V5:ICI-only” and “V6:missing”, particularly at Time 
2. Figure 6.4 shows each clinician’s Time 1 and Time 2 probability estimates of AHT, with 
connected lines between the two showing the magnitude of change. 
 
 
234 
 
Table 6.5 Means, standard deviations, and minimum and maximum values of clinicians’ 
probability estimates of AHT for each of the six vignettes 
 Summary 
statistic 
V1: 
AHT 
V2: 
nAHT 
V3: 
AHT* 
V4: 
nAHT* 
V5: 
ICI-only 
V6: 
missing 
Prior 
probability 
Mean 
SD 
Min–Max 
80.28 
(14.54) 
40–98 
32.45 
(20.00) 
5–80 
72.34 
(17.16) 
30–90 
64.34 
(16.94) 
30–95 
78.28 
(14.90) 
40–100 
77.93 
(13.20) 
50–100 
Time 1 
probability 
Mean 
SD 
Min–Max 
91.31  
(9.38) 
60–100 
33.97 
(21.97) 
5–90 
89.38 
(12.02) 
50–100 
61.41 
(19.82) 
30–99 
61.28 
(24.61) 
10–100 
78.34 
(13.25) 
50–95 
Time 2 
probability 
Mean 
SD 
Min–Max 
95.06  
(6.71) 
75–100 
26.72 
(21.43) 
0–90 
95.61  
(5.92) 
75–100 
54.36 
(20.92) 
20–99 
54.55 
(27.30) 
10–100 
72.00 
(20.95) 
18–100 
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Figure 6.3 Clinicians’ prior, Time 1 and Time 2 probability estimates of AHT for each of the six vignettes 
 
Colours represent the 29 different clinicians. 
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Figure 6.4 Clinicians' Time 1 and Time 2 probability estimates of AHT for each of the six vignettes 
 
The lines connect each clinician’s Time 1 and Time 2 probability of AHT. Longer lines represent a greater change in probability.
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6.4.1.4 Impact of PredAHT on clinicians probability estimates of AHT 
The PredAHT score significantly influenced clinicians’ AHT probability estimates in all 
vignettes (p<.001). Figure 6.5 shows the estimated linear model slope coefficients ?̂? and 95% 
confidence intervals for each vignette. Higher slope coefficients ?̂? indicate a greater impact of 
PredAHT on clinicians’ AHT probability estimates. Overall PredAHT had the greatest impact on 
clinicians’ probability estimates of AHT in “V3:AHT*” and the least impact in “V5:ICI-only”. 
Compared to the confirmed cases of AHT and nAHT (“V1:AHT” and “V2:nAHT”), PredAHT had a 
greater impact in the “grey” case “V3:AHT*”, but a lesser impact in the “grey” cases “V5:ICI-
only” and “V6:missing”. As hypothesized, PredAHT had a greater impact in “V3:AHT*” 
compared to “V1:AHT” and a greater impact in “V4:nAHT*” compared to “V2:nAHT”. Visual 
inspection of diagnostic plots did not reveal any major deviations from linearity, normality or 
homoscedasticity (Appendix 30). There were some influential outliers, however following 
inspection of the raw data these were not removed as they did not appear to have arisen from 
incorrectly entered or measured data. In addition, outliers are likely to be accounted for within 
the final mixed model described below. 
Mixed modelling revealed a significant impact of PredAHT on clinicians’ probability 
estimates of AHT overall across vignettes. Based on likelihood ratio tests, the six models that 
allowed the average proportion moved to vary across the categorical demographic variables  
were not significantly different from the reduced model at the level of p=.05, therefore the 
mixed model that best fit the data was the reduced model (?̂? = 0.35, SE = 0.07, t = 5.05, 
p<.001, 95% confidence interval 0.21–0.50). PredAHT appeared most influential for those 
based at teaching hospitals, for those other than general or community paediatricians, for 
younger clinicians, for clinicians with the least CP experience and no formal training in 
paediatric head injuries, and for trainee doctors (Table 6.6), however none of these differences 
were statistically significant (Table 6.7). Variation in the slope coefficients ?̂? was greater 
between clinicians than between vignettes (Table 6.8 and Figure 6.6). This means that the 
impact of PredAHT was reasonably consistent across vignettes, but varied between individual 
clinicians. Comparison of the mean residuals with a simple linear model with no random 
effects revealed that the mixed model addresses clustering and reduces unexplained (residual) 
variance, as evidenced by the reduced variation in clinician/vignette-specific means and 
smaller standard error bars (Figures 6.7A and 6.7B). Visual inspection of diagnostic plots did 
not reveal any major deviations from linearity, normality or homoscedasticity, or any 
influential outliers (Appendix 31). 
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Figure 6.5 The impact of the Predicting Abusive Head Trauma tool on clinicians' probability 
estimates of AHT for each of the six vignettes 
 
Coloured dots represent the 29 different clinicians. Higher coefficients ?̂? indicate a greater 
impact of PredAHT on clinicians’ probability estimates of AHT. Points at 0 on the x-axis indicate 
no difference between the clinicians’ Time 1 probability estimate of AHT and the PredAHT 
score. Points at 0 on the y-axis indicate no change in clinicians’ probability estimates of AHT 
from Time 1 to Time 2. Points greater than 0 on the y-axis indicate an increase in clinicians’ 
probability estimates of AHT from Time 1 to Time 2. Points less than 0 on the y-axis indicate a 
decrease in clinicians’ probability estimates of AHT from Time 1 to Time 2. 
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Table 6.6 Impact of PredAHT on clinicians probability estimates of AHT, stratified by levels of 
clinician demographic variables 
Demographics 
Fixed Effects 
?̂? 
Standard 
Error 
t 
value 
p 
value 
95% Confidence 
Interval 
Lower 
Bound 
Upper 
Bound 
District hospital 0.34 0.11 3.19 <.01 0.13 0.55 
Teaching hospital 0.36 0.07 4.80 <.001 0.20 0.51 
Community paediatrician 0.37 0.08 4.69 <.001 0.21 0.54 
General paediatrician 0.25 0.09 2.68 <.05 0.06 0.44 
Other specialty 0.46 0.12 3.95 <.001 0.22 0.69 
Age 25–34 0.48 0.17 2.77 <.05 0.13 0.84 
Age 35–44 0.31 0.09 3.62 <.01 0.14 0.49 
Age 45–54 0.33 0.10 3.32 <.01 0.13 0.53 
Age 55–64 0.41 0.11 3.83 <.001 0.20 0.63 
Years in CP 5–9 0.42 0.10 4.09 <.001 0.21 0.62 
Years in CP 10–20 0.27 0.10 2.74 <.05 0.07 0.47 
Years in CP >20 0.36 0.08 4.35 <.001 0.19 0.54 
Paediatric HI training 0.31 0.08 4.18 <.001 0.16 0.48 
No paediatric HI training 0.43 0.09 4.53 <.001 0.24 0.63 
Consultant 0.35 0.07 4.73 <.001 0.20 0.51 
Associate/nurse specialist 0.26 0.11 2.42 <.05 0.04 0.48 
Trainee 0.52 0.14 3.63 <.001 0.23 0.81 
 
Table 6.7 Pairwise comparisons of the levels of clinician demographic variables 
Contrast Estimate Standard Error df t ratio p value 
District - Teaching 0.28 1.42 29.30 0.19 .85 
Community - General -1.69 1.33 25.96 -1.27 .42 
Community - Other  1.12 1.63 26.19 0.69 .77 
General - Other  2.81 1.75 26.17 1.60 .26 
Age 25–34 - 35–44 -2.34 2.44 26.06 -0.96 .77 
Age 25–34 - 45–54 -2.08 2.54 27.29 -0.82 .84 
Age 25–34 - 55–64 -0.94 2.60 25.69 -0.36 .98 
Age 35–44 - 45–54 0.26 1.46 28.86 0.18 .99 
Age 35–44 - 55–64 1.40 1.57 24.28 0.89 .81 
Age 45–54 - 55–64 1.14 1.71 26.72 0.67 .91 
Years in CP 5–9 - 10–20 -2.00 1.64 25.29 -1.22 .45 
Years in CP 5–9 - >20 -0.72 1.49 26.44 -0.48 .88 
Years in CP 10–20 - >20 1.28 1.43 26.50 0.90 .65 
No HI training - HI training -1.56 1.29 26.56 -1.20 .24 
Consultant - Associate -1.22 1.47 25.84 -0.83 .69 
Consultant - Trainee 2.30 1.95 26.33 1.18 .48 
Trainee - Associate -3.51 2.22 26.00 -1.58 .27 
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Table 6.8 Random effects estimates from a linear mixed model of the impact of PredAHT on 
clinicians AHT probability estimates 
Random Effects 
Groups Variance 
Standard 
Deviation 
95% Confidence Interval 
Lower Bound Upper Bound 
Clinician 0.05 0.23 0.17 0.31 
Vignette 0.02 0.12 0.07 0.23 
Residual 23.72 4.87 4.35 5.50 
 
 
 
 
 
241 
 
Figure 6.6 Slope coefficients ?̂? for each of the 29 clinicians relative to the slope coefficients ?̂? for each of the six vignettes 
 
 
Slope coefficients ?̂? for the clinicians were derived by fitting 29 separate models, and slope coefficients ?̂? for the vignettes were derived by fitting six 
separate models. Error bars represent 95% confidence intervals. Higher coefficients ?̂? indicate a greater impact of the Predicting Abusive Head Trauma 
tool on clinicians’ probability estimates of abusive head trauma.  
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Figures 6.7A and 6.7B Clinician-specific and vignette-specific mean residuals of the reduced 
mixed model versus a simple linear model with no random effects 
 
 
Error bars represent standard errors.  
6.4.1.5 Impact of PredAHT on clinicians proposed child protection actions 
The majority of clinicians would have referred to social services at both Time 1 and 
Time 2 in all cases except “V2:nAHT”, where most clinicians elected to investigate further 
(Figure 6.8). However, 9/29 (31%) clinicians changed their proposed CP action in 11/174 (6%) 
instances after seeing the PredAHT score (Figure 6.9). In four instances, clinicians escalated 
their proposed CP actions after seeing the PredAHT score, and in seven instances, they 
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downgraded their proposed actions. Three clinicians changed their CP actions despite not 
altering their own probability estimate of AHT after seeing the PredAHT score. Figure 6.10 
shows clinicians’ proposed CP actions against their estimated probabilities of AHT. Their 
probability thresholds on which to act varied considerably; one clinician would have taken no 
further CP action in a case where they deemed the probability of AHT to be 45%, two clinicians 
would have referred to children’s services at a probability threshold of 10%, and a number of 
clinicians would not have referred to children’s services despite giving estimated probabilities 
of AHT of 85% or greater. There was no statistically significant association between a change in 
proposed CP action and hospital type, χ² (1, N = 174) = 1.64, p=.20, clinician specialty (p=.16, 
two-sided Fisher’s exact test), clinician age (p=.14, two-sided Fisher’s exact test), years of CP 
experience (p=.33, two-sided Fisher’s exact test), paediatric head injury training, χ² (1, N = 174) 
= 0.60, p=.44, clinician seniority (p=.37, two-sided Fisher’s exact test), or vignette (p=.94, two-
sided Fisher’s exact test). Clinicians’ proposed CP actions at Time 1 and Time 2 are shown in 
Appendix 32, stratified by vignette. 
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Figure 6.8 Clinicians' Proposed Time 1 and Time 2 Child Protection Actions for each of the six vignettes  
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Figure 6.9 Impact of PredAHT on Clinicians' Proposed Child Protection Actions
 
Seven clinicians changed their proposed CP action for one of the six vignettes. Two clinicians 
changed their proposed CP action for two of the six vignettes. Clinicians’ Time 1 actions (before 
PredAHT) are indicated by the larger circle, and their Time 2 actions (after PredAHT) are 
indicated by the smaller circle. Points at 0 on the y-axis indicate that clinicians did not change 
their probability estimate of abusive head trauma (AHT) from Time 1 to Time 2, despite 
changing their CP action. Points greater than 0 on the y-axis indicate an increase in clinicians’ 
probability estimates of AHT from Time 1 to Time 2. Points less than 0 on the y-axis indicate a 
decrease in clinicians’ probability estimates of AHT from Time 1 to Time 2. 
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Figure 6.10 Clinicians' proposed child protection actions against their estimated probabilities of AHT 
 
Black dots represent outliers. Clinicians’ probability thresholds on which to act varied considerably. 
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6.4.1.6 Inter-rater reliability of clinicians’ probability estimates of abusive head trauma 
The ICC coefficients are reported in Table 6.9. Inter-rater reliability of clinicians’ prior 
and Time 1 probability estimates of AHT for the vignettes ranged from “poor” to “good”, while 
their Time 2 probability estimates of AHT ranged from “poor” to “excellent”.912 The difference 
in agreement from Time 1 to Time 2 did not reach statistical significance, as indicated by the 
overlapping confidence intervals. 
 
Table 6.9 Inter-rater reliability of clinicians' prior, Time 1 and Time 2 probability estimates of 
AHT for the six vignettes 
 
Intraclass 
Correlation 
Type 
 
Intraclass 
Correlation 
95% Confidence 
Interval 
 F Test With True Value 0 
Lower 
Bound 
Upper 
Bound 
 Value df1 df2 Sig 
Prior 
probability 
Single 
measures 
.55 .31 .88 
 
41 5 140 .000 
Time 1 
probability 
Single 
measures 
.59 .35 .90 
 
50 5 140 .000 
Time 2 
probability 
Single 
measures 
.66 .42 .92 
 
75 5 140 .000 
 
6.4.1.7 Inter-rater reliability of clinicians’ proposed child protection actions 
Gwet’s AC1 statistics and associated precision measures are reported in Table 6.10. 
Inter-rater agreement of clinicians’ Time 1 and Time 2 CP actions was “fair”.921, 938 Therefore, 
PredAHT did not improve inter-rater agreement of clinicians CP actions. 
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Table 6.10 Inter-rater reliability of clinicians' Time 1 and Time 2 proposed child protection 
actions for the six vignettes, measured by Gwet's AC1 coefficient 
Statistics Time 1  Time 2  
Percent agreement  67.0% 68.5% 
Percent chance agreement  19.0% 19.5% 
Gwet’s AC1 agreement coefficient 59.3% 60.9% 
Standard error due to the sampling of vignettes 11.2% 13.3% 
Standard error due to the sampling of clinicians 7.1% 6.6% 
Unconditional standard error 13.3% 14.9% 
95% CI conditionally upon the sample of clinicians 30.5%–88.1% 26.6%–95.1% 
Unconditional 95% CI 33.3%–85.3% 31.7%–90.0% 
Coefficient critical value 21.8% 24.6% 
Coefficient recommended for interpretation 37.4% 36.3% 
 
6.4.1.8 Impact of clinicians’ prior probabilities on the PredAHT score 
The relationship between prior probabilities and the PredAHT score (i.e. post-test 
probabilities) for each of the six vignettes is shown in Figure 6.11. For “V1:AHT” and 
“V3:AHT*”, a high PredAHT score is obtained even if a very low prior probability is chosen. For 
all other vignettes, the PredAHT score increases by varying degrees as the prior probability 
increases. Figure 6.12 compares the PredAHT score, given a baseline prior probability of 0.34, 
with the scores obtained when clinicians’ prior probabilities were incorporated. Scores 
incorporating clinicians’ prior probabilities were similar to what would be obtained given the 
baseline prior for “V1:AHT”, “V2:nAHT” and “V3:AHT*”. However, PredAHT scores with 
clinicians’ priors were higher than PredAHT scores using the baseline prior for “V4:nAHT*”, 
“V5:ICI-only” and “V6:missing”.  
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Figure 6.11 Relationship between prior probabilities and the PredAHT score for each of the 
six vignettes 
 
LR = Likelihood ratio. The dashed line represents the baseline prior probability of 34%. Note 
that the combination of clinical features and therefore the likelihood ratio is the same in 
“V1:AHT” and “V3:AHT*”, and in “V2:nAHT and “V4:nAHT*”, and thus the relationship between 
the prior probability and the PredAHT score is the same in these vignettes. 
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Figure 6.12 Comparison of the PredAHT scores incorporating clinicians’ prior’s with the PredAHT scores using the baseline prior, for each of the six 
vignettes 
 
PredAHT scores incorporating clinicians’ priors were higher than the PredAHT scores using the baseline prior in three of the six vignettes. Black dots 
represent outliers.
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6.4.1.9 Comparison of clinicians’ likelihood ratios with the PredAHT likelihood ratios 
Figure 6.13 compares clinicians’ likelihood ratios for the clinical evidence compared 
with the likelihood ratios calculated by PredAHT. Values were log-transformed using natural 
logarithms before being plotted, to aid interpretability. After seeing the clinical evidence 
presented in section two of the vignettes, on average clinicians’ probability estimates of AHT 
increased in “V1:AHT” and “V3:AHT*”, decreased in “V5:ICI-only” and stayed the same in 
“V2:nAHT”, “V4:nAHT*” and “V6:missing”. Clinicians’ likelihood ratios were much smaller than 
those calculated by PredAHT in “V1:AHT” and “V3:AHT*”, and larger than those calculated by 
PredAHT in “V2:nAHT”, “V4:nAHT*”, “V5:ICI-only” and “V6:missing”. 
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Figure 6.13 Comparison of clinicians' (log) likelihood ratios with the PredAHT (log) likelihood ratios for each of the six vignettes 
 
Values greater than 0 represent an increase in the probability of AHT after seeing the clinical evidence, i.e. from the prior probability to Time 1. Values less 
than 0 represent a decrease in the probability of AHT from the prior probability to Time 1. Values of 0 represent no change in the probability of AHT from 
the prior probability to Time 1. Black dots represent outliers.
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6.4.2 Qualitative results  
Four overarching themes were identified: clinicians’ rationale for their responses, 
evaluations of PredAHT, interpretations of probabilities, and comments on the vignettes. Data 
are presented using quotations, selected as examples of the themes that emerged from the 
data. Within the quotations, square brackets represent text inserted by the researcher for 
clarification. Categories are highlighted in bold text. 
6.4.2.1 Rationale for responses 
The “think-aloud” method allowed clinicians to provide a rationale for their 
estimated probabilities of AHT and proposed CP actions for each vignette. Clinicians’ 
comments confirmed that they thought the “grey” cases were difficult to classify.  
“I find these really difficult, the 3-month-old rolling off the sofa.” Clinician 
13, “V5:ICI-only” & “V6:missing” 
“These are the difficult ones in practice.” Clinician 16, “V5:ICI-only” & 
“V6:missing” 
“I’m less confident with estimating the probability with this one.” Clinician 
10, “V5:ICI-only” 
Most clinicians reported that the presence of a concerning social history increased 
their suspicion of AHT in “V4:nAHT*” as compared to “V2:nAHT”. This explains why 
participants’ estimated probabilities of AHT were higher on average for “V4:nAHT*” than for 
“V2:nAHT” even though the clinical features were the same. However, some clinicians said 
that they placed more weight on the lack of additional clinical features concerning for AHT.  
“It shows what informs you in these cases, because for me the social 
services involvement and domestic violence are important.” Clinician 20, 
“V4:nAHT*” 
“All this [the history] is far more important, you know, it plays a big part in 
my assessment of these children.” Clinician 4, “V4:nAHT*” 
“The lack of clinical features is more important to me than the history 
here.” Clinician 25, “V4:nAHT*” 
 
 
254 
 
Some clinicians remarked that although the clinical features in these two cases are not 
particularly specific for abuse, the concerning history in “V4:nAHT*” indicates that the child 
may be a child in need and thus require further investigation and protection nevertheless. 
“Again I’ve got this cheek bruising that I don’t like. I’m thinking this one 
might go down the child protection register route rather than the court 
process and removal and things, because even though the injury is more 
likely accidental, there are other concerns: bruising, domestic violence, 
delayed presentation – this is probably a child at risk.” Clinician 16, 
“V4:nAHT*” 
Almost all of the clinicians reported that they were highly suspicious of AHT in 
“V3:AHT*” due to the concerning clinical features, although the history was potentially less 
concerning than in “V1:AHT” (no history of trauma). Clinicians stated that the history did not 
match the severity of the injuries sustained.  
“The history doesn’t fit the level of trauma.” Clinician 9, “V3:AHT*” 
“A 14-month old is likely to be mobile, but they won’t have a brain injury 
from falling, even on a floor like that.” Clinician 16, “V3:AHT*” 
“I am not happy with the history as 14-month old children fall a lot and 
don’t get subdural haemorrhages.” Clinician 8, “V3:AHT*” 
Importantly, one clinician stated that although the history does not affect whether or not she 
carries out the appropriate investigations for suspected AHT, it can unduly influence the final 
multidisciplinary diagnosis. 
“The history doesn’t make you go down one path or another – it doesn’t 
influence what you do and the decisions that you make but it does 
influence the outcome of the strategy meeting and your gut feelings.” 
Clinician 5, “V3:AHT*” 
Clinicians gave reasons as to why they disagreed with the tool and confirmed why 
PredAHT had the lowest impact on their probability estimates for “V5:ICI-only” and 
“V6:missing”.  
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“This is where the tool takes away some of the subtlety in the history, this 
is where I would say I don’t care what it says.” Clinician 12, “V5:ICI-only” 
“The tool is not useful for these two cases as the presence of a subdural 
alone in a baby that potentially cannot roll is very worrying. This is where 
clinicians will doubt the tool.” Clinician 14, “V5:ICI-only” & “V6:missing” 
“The history is very suspicious which is why I am not changing my 
probability.” Clinician 8, “V5:-ICI-only” 
Although clinicians were informed about the imputation strategy built into PredAHT to account 
for missing investigations, they were reluctant to change their probability estimates from Time 
1 to Time 2 in “V6:missing” because they didn’t have the full clinical picture, and stated that 
PredAHT might act as a prompt for ordering further investigations. 
“I would always do the skeletal survey so I can’t say if my probability would 
come down as I would need that information to make a decision.” Clinician 
22, “V6:missing” 
“That just goes to show how much you need the other information doesn’t 
it?” Clinician 19, “V6:missing” 
“That’s the reason for doing the whole package isn’t it because if these 
things are absent it brings you right down again.” Clinician 10, “V6:missing” 
Similarly, clinicians explained why they were willing to change their probability estimates of 
AHT after seeing the PredAHT score.  
“Bruising to the cheeks made me worried but the tool would then reassure 
me to pull it back down.” Clinician 17, “V2:nAHT” 
“Would the 24% make me bring my probability down? Yeah it would 
actually, I would give them the benefit of the doubt.” Clinician 17, 
“V4:nAHT*” 
Clinicians’ reasons for their estimated probabilities of AHT and proposed CP actions 
included knowledge of the clinical features indicative of AHT and non-AHT. Clinicians stated 
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that their clinical knowledge sometimes increased their suspicions of AHT, sometimes it 
decreased their suspicions, and sometimes it contributed to their uncertainty about a case.  
“Retinal haemorrhages would increase my suspicion.” Clinician 16, 
“V1:AHT” 
“Bruises to the cheeks raises my suspicion.” Clinician 18, “V2:nAHT” 
“I would not be too concerned as the chair is very high, it is a linear 
undisplaced skull fracture and that type of floor is quite a hard floor.” 
Clinician 16, “V2:nAHT” 
“Left parietal skull fracture, the most common skull fracture in both abused 
and non-abused children.” Clinician 21, “V2:nAHT” 
Clinicians reported that a lack of clinical knowledge also contributed to uncertainty in 
estimating the probability of AHT. 
“See this is going into detail about the eye findings some of which I don’t 
know the significance of.” Clinician 15, “V1:AHT” 
Clinicians considered the age and developmental stage of the child when estimating 
the probability of AHT.  
“I am less confident [that this is abuse] because they are older and could 
have fallen off a chair.” Clinician 1, “V2:nAHT” 
“A three-month old can’t roll so the history is immediately suspicious.” 
Clinician 9, “V5:ICI-only” & “V6:missing” 
“I would think 3-month old rolling, really? And off a sofa is probably quite a 
significant height for a baby but I’d still be concerned that they might not 
be able to roll.” Clinician 20, “V5-ICI-only” & “V6:missing” 
Some clinicians said that an important factor that influences their probability 
estimates of AHT is a consistent history. However, clinicians explained this is less important 
when there were other concerning features present. 
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“I would put much lower for this one [compared to “V4:nAHT*”] as it’s an 
immediate presentation and a consistent history.” Clinician 17, “V2:nAHT” 
“Unless there was some inconsistency in the history I would be erring on 
accidental.” Clinician 17, “V6:missing” 
“Even though the story is consistent the history is still dodgy and the 
neuroimaging features are suspicious.” Clinician 25, “V3:AHT*” 
When completing the vignettes, clinicians deliberated over the purported 
mechanism of injury and whether this was consistent with the features observed. 
“I would be worried that there’s no bruising because that means there’s no 
impact.” Clinician 21, “V3:AHT*” 
“They have no bruising but they have rolled onto the floor?” Clinician 23, 
“V6:missing” 
 “I wouldn’t expect multiple bilateral injuries from just one fall.” Clinician 
16, “V5:ICI-only” 
6.4.2.2 Evaluations of PredAHT 
Participants talked about the potential benefits of PredAHT while completing the 
vignettes. Overall, 27/29 clinicians said that they would find PredAHT useful in their practice; 
two said that they were unsure whether PredAHT would be useful for them. 
“This would undoubtedly be extremely useful.” Clinician 6 
“I think this would be more useful for older children but I’m not sure it 
actually adds much.” Clinician 15 
Clinicians reported that they would find PredAHT useful as they do not usually think in terms of 
probability when assessing risk. 
“I never give percentages, even in court I would say that we don’t talk in 
those terms, and that’s why I think the tool is going to be helpful.” Clinician 
5 
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Many clinicians stated that they felt reassured by PredAHT, and reported that it would give 
them more confidence in their opinions, even if they would not change their CP actions based 
on the score. 
“I would still need more information about the cheek bruising but the low 
score (24%) would reassure me.” Clinician 16, “V2:nAHT” 
“The history just doesn’t fit with the level of trauma…the score helps to 
remind you that you are right to be concerned and helps you not to be too 
sensitive about the family.” Clinician 9, “V3:AHT*” 
“The 7% would make me much more confident that this is an accident.” 
Clinician 10, “V5:ICI-only” 
“My estimate is very close to PredAHT, so I wouldn’t change my actions but 
my agreement with PredAHT would give me more confidence in expressing 
my opinion to multiagency colleagues.” Clinician 16, “V3:AHT*” 
“I think mostly where it helps is reassuring you.” Clinician 27, “V1:AHT” 
“It would be helpful at the end to validate my opinion that probably it is 
abuse.” Clinician 25, “V3:AHT*” 
Participants also discussed the potential risks of PredAHT. Some thought that 
variables relating to the history should be included in the tool.  
“There’s no factor for the lack of history is there which is key isn’t it?” 
Clinician 3 
“It must be used with caution. I think it would be useful in some cases, but 
for me the history plays a big, big part in the investigation of these cases.” 
Clinician 4 
Others felt that the tool cannot account for the subtleties that are often present in individual 
cases, or that since it cannot account for all possible indicators for abuse, a low score may 
provide false reassurance.  
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“The cheek bruising is really worrying, it shows that PredAHT can’t take into 
account nuances with just yes and no answers.” Clinician 9, “V2:nAHT” 
“The downside would be when you get given a low score when actually 
there are other indicators of abuse.” Clinician 5 
Some participants also discussed at length the need to understand how PredAHT works, and 
the importance of critically appraising the quality of the data that it is based on. 
“I think we should be thinking that way [in probabilities] as long as we can 
understand and explain it.” Clinician 3 
“We would need to know where the figures in the tool came from, and to 
make sure they are correct.” Clinician 22 
6.4.2.3 Interpretation of probabilities  
Participants talked about their probability thresholds for investigation and referral 
as justification for their proposed CP actions. One clinician said that she would refer all cases 
she considered to have a 50% risk or greater of AHT to social services, but said that she would 
investigate cases she thought carried a lower probability of AHT. 
“All that matters [for referral] is whether it’s over 50% or not.” Clinician 3 
Many clinicians were interested in exploring the estimated post-test probabilities 
that PredAHT provided based on different prior probabilities. Some reported that they were 
shocked by the impact the prior probability had on the PredAHT score, however other 
clinicians justified their high estimated prior probabilities due to the neuroimaging features in 
the vignettes.  
“I’m shocked by how much my prior probabilities have affected the scores. 
This makes me think I might be too hawkish about abuse.” Clinician 26 
“I can only say a 90% prior probability for all of these [vignettes] because if 
there is a subdural haemorrhage, to me that’s a really high probability.” 
Clinician 5 
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Some clinicians questioned how they might estimate their prior probability in practice and 
mentioned that in reality some of the clinical features included in PredAHT may be 
incorporated in their prior probability estimates.  
“That’s interesting then to see how my gut feeling is coming in. Really I’m 
estimating the [prior] probability without knowing all the information. 
What are we taking into account with our prior probability [in practice] and 
what is our evidence for that?” Clinician 10 
6.4.2.4 Comments on vignettes  
Comments on the details of the vignettes themselves revealed important 
information about clinicians’ behaviour when assessing suspected AHT. Some clinicians 
questioned why certain investigations were or were not performed e.g. why a skeletal survey 
was not performed in “V1:AHT” and “V3:AHT*, and why a skeletal survey and ophthalmology 
exam were ordered in “V2:nAHT”.  
“You would still need to do a skeletal survey even if the probability is 
already high.” Clinician 14, “V1:AHT”  
“I’m not sure I would have done any of these tests in this case!” Clinician 
15, “V2:nAHT” 
In addition one clinician reported that they would only order certain investigations based on 
the results of previous ones. 
“I would only do a skeletal survey if the ophthalmology exam was positive.” 
Clinician 28, “V6:missing” 
Some clinicians talked about additional investigations they would perform. 
“I don’t know why you keep missing the bloods out!” Clinician 16 
Many participants reported needing more detail on the history in order to make 
more informed probability estimates or CP decisions.  
“It’s tricky as I would want to know more history.” Clinician 15, “V3:AHT*” 
 
 
261 
 
“In real life you would be asking the next question and the next question 
wouldn’t you?” Clinician 11, “V2:nAHT” 
“The problem is you would want so much more information. I would assess 
if they could roll in the department.” Clinician 19, “V6:missing” 
In addition some participants said that they wanted more detail on the clinical 
features, including the age of the injuries, in order to assess whether the mechanism was 
possible.  
“What side is the cheek bruising and is the bruising to the scalp the same 
side as the head injury?” Clinician 19, “V2:nAHT” 
“Do we know if the subdural haemorrhages are the same ages?” Clinician 
16, “V5:ICI-only” 
The majority of clinicians stated that they were concerned about the cheek bruising in 
“V2:nAHT” and “V4:nAHT*”, and said that they wanted more information about the pattern 
and mechanism of the bruising. This explains why some participants’ estimated probabilities of 
AHT were high for “V2:nAHT”, despite the fact that this vignette represented a confirmed case 
of non-AHT.  
“I am concerned about the cheek bruising, it depends on where it was.” 
Clinician 13, “V2:nAHT” 
“It would depend on the pattern of bruising to the cheeks.” Clinician 4, 
“V2:nAHT” 
While considering the probability of AHT, clinicians discussed a variety of possible 
differential diagnoses, not detailed in the vignettes, that they would rule out in practice. 
“There’s not enough to rule out a medical condition e.g. sepsis.” Clinician 
24, “V1:AHT” 
 “Could this be birth related?” Clinician 18, “V1:AHT” 
“He wouldn’t have hit his head that badly just falling on a floor, unless he 
has got some bleeding disorder or something.” Clinician 10, “V3:AHT*” 
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6.5 Discussion 
In this study, statistical modelling demonstrated that PredAHT significantly influenced 
clinicians’ probability estimates of AHT in all vignettes. Interestingly however, clinicians’ 
proposed CP actions were only influenced by PredAHT in a minority of instances, and PredAHT 
did not significantly improve the overall agreement between clinicians’ AHT probability 
estimates or their proposed CP actions. Despite this, the “think-aloud” data showed that 27/29 
clinicians would find PredAHT useful in their practice, and that it provided them with greater 
confidence in their opinions in the vignette cases, even if they would not alter their CP actions 
after seeing the score. However, it was evident that clinicians were influenced by a variety of 
social, historical and clinical factors in each case, emphasizing the need to consider the 
PredAHT probabilities in the context of these associated factors. 
It was hypothesized that PredAHT would have a greater impact in the four “grey” cases 
compared to both the confirmed AHT and nAHT cases. However, this was only evident in the 
“grey” case “V3:AHT*”. PredAHT had the greatest impact in this vignette, where there is a 
consistent history of a fall in a mobile child, but several concerning clinical features that do not 
fit with this history and which are strongly associated with AHT; PredAHT scores highly on this 
vignette (98.4% at baseline). The next largest effect was demonstrated in the confirmed AHT 
case “V1:AHT”, where the clinical features and therefore the PredAHT score are identical to 
those in “V3:AHT*”. The child in “V1:AHT” presented with no history of trauma whatsoever, a 
feature with a high specificity and positive predictive value for abuse.9 Although all clinicians 
estimated the probability of AHT in “V1:AHT” and “V3:AHT*” to be 50% or greater at Time 1, 
on average they underestimated the likelihood ratio and predicted probability of AHT for this 
combination of clinical features compared to PredAHT, and increased their estimates after 
seeing the score. This suggests that PredAHT may act to increase clinicians’ suspicions when 
there are a number of clinical features indicative of AHT, and that it may help clinicians to 
remain objective during their assessment of suspected AHT. PredAHT had the least impact in 
the “grey” case “V5:ICI-only”, where the history and presentation is concerning, but due to the 
absence of any additional clinical features, the PredAHT score is low (3.7% at baseline). 
Reassuringly, this suggests that clinicians were not simply following PredAHT, but were 
considering factors that it cannot account for and considering the score alongside their own 
clinical judgment. Similarly, a number of clinicians reported disregarding the low PredAHT 
score (14.2% at baseline) for “V2:nAHT”, the confirmed nAHT case, due to concerns about the 
cheek bruising, which is a recognized indicator of physical abuse.941 Even those who felt 
reassured by the score would have requested further information about this feature.  
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It was also hypothesized that PredAHT would have a greater impact in “V3:AHT*” 
compared to “V1:AHT” and a greater impact in “V4:nAHT*” compared to “V2:nAHT”. These 
hypotheses were supported by the data. On average clinicians’ prior and Time 1 probabilities 
of AHT were higher in “V1:AHT” than “V3:AHT*” due to the lack of history of trauma. 
Therefore their initial estimates in “V3:AHT*” were further from the PredAHT score than in 
“V1:AHT”, resulting in a greater difference between their Time 1 and Time 2 estimates. 
Similarly, on average clinicians prior and Time 1 probabilities of AHT were higher in 
“V4:nAHT*” than “V2:nAHT” due to the inconsistent history, delay in presentation and 
concerning social history. Therefore their initial estimates in “V4:nAHT*” were further from 
the PredAHT score than in “V2:nAHT” again resulting in a greater difference between their 
Time 1 and Time 2 estimates. 
The impact of missing information was explored in “V6:missing”, where an 
ophthalmology examination and skeletal survey had not been performed. Despite being aware 
of the imputation strategy built into PredAHT to account for missing information, the tool only 
had a small impact on clinicians’ probability estimates of AHT in this vignette. This highlights 
the importance of obtaining an ophthalmology examination and skeletal survey wherever 
possible in suspected AHT cases, in line with international recommendations.512, 521 Arguably, 
in the absence of a witnessed accidental injury, all children in this age group with ICI should 
undergo investigations for fractures and RH. However, only 68% of clinicians would have 
ordered an ophthalmology exam in “V6:missing”, and only 68%–82% of clinicians would have 
ordered a skeletal survey in the vignettes where it hadn’t already been performed. Very few 
clinicians would have ordered repeat skeletal surveys. Qualitative analysis of the “think-aloud” 
data and free text comments suggested that PredAHT may help to standardise investigations 
in suspected AHT by highlighting the clinical significance of fractures and RH in the context of 
suspected AHT, and the influence these investigation results would have on the PredAHT 
score, reiterating the findings from the earlier qualitative interview study reported in Chapter 
5.747  
Although PredAHT significantly influenced clinicians’ probability estimates of AHT, there 
were only 11/174 instances where clinicians changed their proposed CP action after seeing the 
score. The tool would have prompted one clinician to make a referral to children’s services in 
the confirmed AHT case “V1:AHT” and three clinicians to make a referral to children’s services 
in “V3:AHT*”. In “V5:ICI-only”, two clinicians (one neuroradiologist and one consultant general 
paediatrician) reported that if they had used PredAHT, they would have taken no further CP 
action in this case, as they were reassured by the absence of additional clinical features and 
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the low PredAHT score (3.7% at baseline). This is potentially a cause for concern, however in 
reality the assessment of AHT involves the input of multiple clinicians rather than the opinion 
of one individual. For statistical analysis purposes, the categories of CP action were collapsed, 
however some clinicians would have taken additional actions within the “investigate further” 
category after seeing the PredAHT score. Most notably, PredAHT would have prompted 
clinicians to discuss the case with a CP colleague alongside ordering further investigations or 
referring to children’s services.  
In “V1:AHT” and “V3:AHT*”, where PredAHT consistently gave a high probability of 
AHT, even when clinicians prior probabilities were lower, most clinicians did not change their 
proposed CP actions as they had already elected to refer to children’s services at Time 1. That 
is, they were aware that the clinical features described in these vignettes are highly concerning 
for AHT and warrant onward referral. In the other four vignettes, where PredAHT gave a 
comparatively low probability of AHT, clinicians may not have downgraded their initial 
proposed CP actions as they were concerned about other features in the vignettes that 
PredAHT does not account for. Similarly, qualitative data suggested that in “V4:nAHT*”, some 
clinicians would have referred the child to children’s services due to other concerns within the 
family rather than because of a suspicion of AHT. Additionally, probabilities are interpreted 
differently by different people, and the clinicians in this study had very different probability 
thresholds on which to act. There is little professional agreement as to what equates to a 
“reasonable suspicion” of abuse, varying in one study from a probability of 10%–35%, 40%–
50% or 60%–70% and for a smaller group to >75%.529 In another study, 51% of participants 
defined the term “reasonable medical certainty” in the context of child abuse as ≥90% 
probability, 30% defined it as ≤50% probability and 2% used a definition of ≤25% probability.530 
Furthermore, even when clinicians perceive the likelihood of abuse to be high, they may still 
not refer the child to children’s services. Flaherty et al.,490 found that clinicians in the United 
States only reported 73% of the children that they thought were likely or very likely abused to 
child protective services, and only 24% of children that they thought were possibly abused, 
despite the fact that child abuse reporting is mandatory in all 50 states. In the current study, 
some clinicians’ probability thresholds for referral were as low as 10%, while some clinicians 
would not have referred even when they estimated the probability of AHT to be 95%. Other 
studies have found that improving clinicians’ judgments of disease probability does not 
necessarily change or improve their treatment decisions and may have an unpredictable effect 
on clinicians’ behaviour.942-944 One possibility is that clinicians’ proposed CP actions in this 
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study were not based on probabilistic thresholds at all.944 This is consistent with the 
observation that some clinicians changed their CP actions after seeing the PredAHT score, but 
not their probability estimate of AHT. Alternatively, this finding could suggest that PredAHT 
may help to reduce the uncertainty around clinicians’ point estimates of the probability of 
AHT, and give them more confidence in their decisions; this was confirmed by the “think-
aloud” data, where many clinicians stated that they felt reassured by the tool even if they did 
not change their proposed CP action. 
This study found that clinicians’ probability estimates of AHT for each vignette varied 
somewhat. This finding is consistent with other vignette studies evaluating the likelihood of 
AHT amongst clinicians. One such study asked US paediatricians to rate 16 cases of paediatric 
traumatic brain injury on a seven point scale ranging from definitive unintentional injury to 
definitive inflicted injury, and found they were unable to agree on the cause of the injuries in 
half of the scenarios.533 Lindberg et al.532 found extensive variability between experienced CP 
paediatricians when estimating the likelihood of abuse in video vignettes of cases referred to a 
hospital child abuse team, using three rating scales and a percentage probability. Neither of 
these studies estimated inter-rater reliability statistics. A further vignette study simulated eight 
case reports of femoral fracture, asking participants to categorize the cases into abuse and 
non-abuse, and to indicate appropriate investigations; 39% gave an incorrect diagnosis, and 
only 30% ordered the appropriate investigations.535 In the current study, inter-rater reliability 
of clinicians’ probability estimates of AHT across vignettes was “poor to good” based on the 
95% confidence interval of the ICC statistic, while inter-rater reliability of their CP actions 
across vignettes was “fair”. These findings are in contrast with two other recent studies 
estimating inter-rater reliability of clinicians’ perceptions of the likelihood of abuse and their 
decisions to report cases to child protective services.945, 946 In one study,945 a panel of child 
abuse experts demonstrated good reliability when scoring the likelihood of abuse on a visual 
analogue scale from 0-100 (ICC 0.82, 95% CI 0.80–0.84). In the other, a panel of experts in 
paediatric injury demonstrated nearly perfect inter-rater reliability in their assessments of the 
likelihood of abuse across a range of different scales and classifications, and almost perfect 
inter-rater reliability in their decisions to report cases to child protective services.946 However, 
it should be noted that the clinicians in both of these studies all had extensive expertise in 
child abuse, in contrast to those in the current study, where the community paediatricians are 
likely to have had more experience evaluating children with child abuse than the other 
participants. One study examining inter-rater reliability of physical abuse determinations in 
young children with fractures found that experience influenced the level of agreement 
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between subsets of clinicians.947 It is possible that inter-rater reliability would have differed 
among subsets of clinicians from different specialties in the current study. The vignettes 
designed in the current study could be used for training purposes to highlight variability in 
clinicians’ probability estimates of AHT and their proposed CP actions. 
Encouragingly, after reading the vignettes and seeing the PredAHT score, many clinicians 
reported that they felt reassured by the tool, and that it gave them greater confidence in their 
opinions and decisions. This reinforces the findings from the qualitative study reported in 
Chapter 5, where many participants suggested that PredAHT would be useful to support their 
professional opinion and may provide them with more confidence in their decisions if they 
were to use it in a real case.747 Interestingly, some clinicians reported that they would find the 
PredAHT score helpful even if it would not prompt them to change their initial CP action; only 
9/29 clinicians changed their CP action in one or more vignettes, however the majority (27/29) 
declared that they would find it useful in their practice. 
The PredAHT score with clinicians’ priors was higher than the baseline score for 
“V4:nAHT*”, “V5:ICI-only” and “V6:missing”. On average, at Time 1 clinicians overestimated 
the probability of AHT in these vignettes compared to PredAHT, which could be due in part to 
the fact that clinicians’ likelihood ratios for the evidence, as calculated from their prior and 
Time 1 probabilities, were larger than those provided by PredAHT, and therefore their prior 
probability estimates were not reduced enough. There are a number of possible reasons why 
clinicians’ likelihood ratios for the clinical evidence were larger than those calculated by 
PredAHT. Firstly, it is possible that clinicians found it difficult to estimate the diagnostic value 
of combinations of multiple clinical features.580, 618, 619 Secondly, it is possible that clinicians did 
not explicitly “calculate” their Time 1 probability from their prior probability and the clinical 
information, but used a different process to make their Time 1 probability estimate. One 
possibility is that clinicians relied on their previous clinical experiences when estimating their 
Time 1 probability.948 Thirdly, when clinicians’ prior probabilities were very low, they may have 
been reluctant to decrease their probability as much as was warranted by their estimated 
likelihood ratio, avoiding the extreme lower end of the probability scale. Finally, it is possible 
that the clinicians did not make sufficient use of their own estimates of the prior probability 
and likelihood ratio when estimating their Time 1 probabilities.949, 950 In a vignette study 
exploring clinicians’ judgments about the post-test probability of colorectal cancer, Rottman950 
asked clinicians to estimate prior probabilities, likelihood ratios and post-test probabilities, and 
compared their given post-test probabilities to the normative post-test probabilities calculated 
from their prior probabilities and likelihood ratios. To analyse whether clinicians’ post-test 
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probabilities were sufficiently sensitive to their prior probabilities and likelihood ratios, they 
used the log-odds form of Bayes’ rule,951 and found that neither clinicians’ prior probabilities 
nor their likelihood ratios were used as much as they should have been.950 Such an analysis 
was not possible in the current study as clinicians were not asked to explicitly estimate a 
likelihood ratio for the clinical evidence. 
When compared to the PredAHT score calculated using the baseline prior of 0.34, at 
Time 1 clinicians overestimated the probability of AHT in “V4:nAHT*”, “V5:ICI-only” and 
“V6:missing” to an even greater extent. It seems reasonable to postulate that if clinicians’ prior 
probabilities were not incorporated in the PredAHT score, PredAHT may have had a greater 
impact on clinicians’ probability estimates of AHT in these vignettes, that is, they may have 
reduced their probability estimates further at Time 2. Allowing clinicians to incorporate their 
prior probabilities of AHT enables them to take into account factors that PredAHT does not. 
Although higher prior probabilities may lead to higher PredAHT scores in some cases, this 
should prompt further investigation and may help to circumvent the possibility of false 
reassurance provided by a low score. However, it is important that clinicians’ prior 
probabilities are evidence-based, to minimise the possibility of false accusations of abuse. 
Findings from the qualitative study reported in Chapter 5747 suggested that clinicians may be 
uncomfortable estimating a prior probability due to racial and socioeconomic biases that have 
been demonstrated in the literature.201 A recent study examining implicit racial and ethnic 
biases in the evaluation and reporting of AHT found that minority race/ethnicity children were 
more frequently evaluated and reported for suspected AHT than white/non-Hispanic children 
and that these disparities occurred predominantly in lower-risk children ultimately categorized 
as having suffered non-AHT or with an estimated probability of AHT of 25% or less.202 In the 
current study, information on race/ethnicity and socioeconomic status was deliberately 
excluded from the vignettes so as not to introduce bias, but in reality it is possible that these 
factors may implicitly influence clinicians’ prior probability estimates of AHT and their 
subsequent CP actions. 
Some clinicians were alarmed by the impact their prior probability of AHT had on the 
PredAHT score. Clinicians’ prior probabilities may have been derived from statistical estimates 
in the scientific literature, or from their personal experiences in assessing the likelihood of AHT 
in young children, but they varied considerably in all vignettes. Clearly, clinicians would benefit 
from an explanation or graphical depiction of the effect that different prior probabilities have 
on the PredAHT score. This could be conveyed using Fagan’s nomogram, which illustrates the 
calculation of the post-test probability given the prior probability and likelihood ratio.952  
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The impact of PredAHT differed between clinicians in different hospital types, 
specialties, and age groups, and between clinicians with different levels of seniority, training, 
and experience, however these differences were not statistically significant. A larger study 
would be required to further examine these observed trends. Given that four of the vignettes 
were fictional, it was not possible to obtain outcome data regarding AHT and nAHT in each 
case, thus it was not possible to calculate the sensitivity and specificity of either PredAHT or 
the clinicians’ probability estimates of AHT, or to assess the appropriateness of the clinicians’ 
proposed CP actions. However, the aim of the study was to explore the impact of PredAHT in 
specific controlled scenarios, and not to determine the accuracy of PredAHT or clinicians in 
predicting AHT.  
The actual impact of PredAHT on clinicians’ probability estimates of AHT and 
subsequent CP actions is likely to differ in clinical practice.299 It is not yet known whether 
clinicians will use PredAHT, whether they will use it accurately, or what actions they may take 
in practice based on specific probability scores, particularly as it does not recommend a direct 
course of action based on the results. In order to determine whether PredAHT can change 
clinician behaviour for the better, and to determine its impact on relevant outcomes, a formal 
impact analysis study is required. 
6.5.1 Strengths and limitations 
6.5.1.1 Study design 
Strengths of this study include the use of mixed methods, which harnesses the 
strengths and minimises the weaknesses of both quantitative and qualitative approaches.807 
Asking clinicians to provide a rationale for their responses allowed for a more meaningful 
interpretation of the quantitative data. In addition, since all clinicians completed all six 
vignettes, it was possible to assess both the individual-level and the group-level impact of 
PredAHT.878 Finally, only one study to date has explored the inter-rater reliability of clinicians’ 
perceived likelihood of abuse in possible AHT cases specifically, and this study did not estimate 
inter-rater reliability statistics.533   
One possible limitation is that the order of the information presented in the 
vignettes may not have reflected clinical reality. For example, in practice it is likely that 
clinicians would have the information regarding apnoea, seizures, and head/neck bruising prior 
to a child undergoing neuroimaging to look for possible intracranial injury, and they may not 
gather information regarding the social history until later on in the assessment process. The 
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information was presented as such because clinicians’ estimated prior probability of AHT 
should not be based on the clinical features included in PredAHT but on the other features of a 
case that PredAHT cannot account for. The qualitative results revealed that in reality, it may be 
difficult for clinicians to estimate a prior probability of AHT excluding the features included in 
PredAHT once the presence or absence of these are already known. This reinforces the finding 
from the qualitative study reported in Chapter 5,747 that any training on PredAHT would need 
to incorporate guidance on estimating a prior probability of AHT.  
A factorial survey design could have been used to explore a larger number of 
experimental factors, however such a design is very complex and could have resulted in 
unrealistic vignettes.875, 877 The primary aim of this study was to investigate the potential 
impact of PredAHT in a small number of carefully designed cases that reflected the nuances of 
clinical practice rather than to explore multiple different factors on clinicians’ judgments, 
decision-making and use of PredAHT.  
Finally, one limitation of the study design is that 24 of the 29 clinicians who 
participated in the study had also previously taken part in the qualitative study reported in 
Chapter 5. These participants were therefore already familiar with PredAHT, and some of them 
were also known to two members of the supervisory team. Thus, these participants may have 
responded more favourably to the PredAHT score when completing the vignettes, compared 
to clinicians with no prior knowledge or awareness of PredAHT or clinicians with no prior 
relationship with the wider research group. 
6.5.1.2 Validity and reliability 
A strength of this study is that the experimental control afforded by vignette studies 
permits researchers to assess the vignette factors’ causal effect on the dependent variable.  
This enhances internal validity compared to traditional surveys,875-878 defined by Evans et al.877 
as “the degree to which changes in the dependent variable can be accurately attributed to 
changes in the independent variable” (p. 163). The “think-aloud” method provided additional 
evidence of internal validity in this study, because clinicians confirmed that their probability 
estimates differed as a result of the factors manipulated in the vignettes. Conversely, vignette 
studies are often criticised due to potential limitations in construct, external and criterion 
validity.877, 885 Construct validity is defined by Evans et al.877 as the degree to which a vignette 
simulates a real-world scenario, while external validity is defined as the generalisability of the 
results “to real-world situations encountered by the participants and others like 
them”.877(p.163) Criterion validity refers to the extent to which participants’ responses in a 
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vignette study predict their responses in actual practice.953, 954 Researchers and participants 
alike have voiced concerns about the artificiality of vignettes,881, 882, 955-958 that is, that the 
vignettes and the responses to them may not accurately represent what happens in real life, 
thus calling into question the validity of research utilising this methodology. Each of the forms 
of validity will be addressed in turn. 
Firstly, regarding construct validity, it should be acknowledged that vignettes are not 
intended to represent reality exactly, but to simulate and manipulate specific features of the 
topic under consideration,885 and to promote and encourage reasoning and problem-
solving.880 Put another way, vignettes are selective by nature.885 The lack of detail and how 
this is interpreted by participants can generate valuable data in itself.885, 959 This was 
demonstrated in the current study, where clinicians’ comments about clinical investigations, 
elements of the history, or differential diagnoses not detailed in the vignettes revealed insights 
about the factors influencing their judgments and decision-making in suspected AHT cases. 
Similarly, the lack of information or the form of presentation of information provided in 
vignettes can reflect the reality of practice; in a study of nursing and social work referrals, 
Wilson and While957 found that many real life referrals, similar to their vignettes, contained 
incomplete or insufficient information. In the current study, construct validity was maximised 
by using the supervisory team, two of whom have expertise in evaluating children with 
suspected AHT, to assess the relevance and realism of the vignettes, and by piloting the 
vignettes prior to their use. In addition, two of the vignettes were based on real cases, and 
none of the participants remarked that they would be unlikely to encounter the situations 
described in the vignettes in clinical practice. However as previously discussed, the order in 
which the information was presented in the vignettes may have restricted construct validity. 
Likewise, regarding external validity and the generalisability of the findings, Evans et 
al.877 argue that participants’ responses to the vignettes are not intended to be taken as 
representative of their responses in clinical practice but as approximations of their responses. 
Some researchers argue that the use of realistic scenarios that approximate clinical practice 
increases experimental realism, thus enhancing external validity compared to traditional 
experiments.875, 877, 878 A different view is put forward by Steiner et al.,876 who propose that 
the selectivity of vignettes restricts external validity, as the choice of variables to be 
manipulated and the selection of participants does not warrant inferences to other scenarios 
or samples. In the current study, only six vignettes were used, yet there are numerous 
scenarios involving different potential combinations of clinical, historical and social features in 
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which PredAHT could be applied. Most participants were consultants, and half were 
community paediatricians with considerable CP experience; results may have been different 
amongst trainee doctors or other specialties involved in the assessment of suspected AHT e.g. 
neurologists, ophthalmologists or neurosurgeons. To maximise external validity, participants 
were randomly sampled from a larger pool of potential participants, which extends external 
validity at least to the target population of clinicians involved in suspected AHT cases.876 In 
addition, when computing the inter-rater reliability of clinicians’ CP actions, jackknifing was 
used to estimate the variance due to the sampling of clinicians, in order to ensure the results 
were generalisable to a larger population of clinicians.  
Concerning criterion validity, there is some evidence to suggest that clinicians’ 
responses to vignettes are predictive of their responses to real life scenarios.960-962 In addition, 
research comparing vignettes with other research methodologies, including standardised 
patients, the accepted gold standard for assessing quality of care, suggests that vignettes are a 
valid tool for measuring the quality of clinical practice, and that clinicians responses accurately 
reflect and capture actual clinical practice.953, 963, 964 In one study, clinicians’ responses to 
vignettes resembled their responses to actual clinical practice even in complex medical 
situations.965 However, Mohan et al.954 point out that the majority of studies comparing 
clinicians’ responses to vignettes with their responses to actual clinical encounters explore 
correlations at the group level only. In an attempt to overcome this limitation, the authors 
used the Spearman correlation coefficient to analyse the individual-level correlation between 
trauma triage decisions for vignette patients and trauma triage decisions for real patients, and 
found no correlation, thus concluding that individual clinician performance on vignettes did 
not predict their performance in practice.954 In another study investigating regional variations 
in consultation referrals, a group of clinicians with the lowest hypothetical referral rates also 
had the lowest actual referral rates, however there was only a small correlation between 
individual clinicians hypothetical and actual referral rates.966 Moreover, Shah et al.967 found 
that vignettes overestimated clinical performance compared to standardised patient 
encounters, which was likely due to a social desirability bias in vignette responses.953 Indeed, 
practitioners are motivated to justify their clinical decisions and provide “socially desirable” 
responses,968 and they may modify their behaviour due to their awareness of being observed 
or evaluated.883 However, Gould969 argues that compared to observational studies, vignette 
studies actually help to minimise so-called observer effects because of the “psychological 
distance” created by a hypothetical scenario.959 In the current study, the hypothetical nature 
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of the vignettes may have helped to distance or desensitise participants from the sensitive 
issues being investigated.884 Consequently however, clinicians’ responses may have been 
decontextualized from the types of responses they may have made in highly pressured or 
difficult real life situations, where decision-making does not just depend on a rational analysis 
of the features of a case.970  
Finally, if a vignette study is to be reliable, it must control for measurement error, 
experimental error and sampling error.971 Concerning measurement error, the vignettes were 
piloted and given to the participants in a random order to control for order effects, both of 
which increase reliability.876 Experimental error was minimised by using a within-subjects 
design rather than a between-subjects design, which can give rise to serious measurement 
error as responses within individuals cannot be compared and are not contextually 
grounded.878, 972 However a power analysis was not undertaken as the study was exploratory. 
Regarding sampling error, purposive and snowball sampling are appropriate for qualitative, 
“information rich” data, but can lead to sampling errors with quantitative data as they will 
tend to underestimate the variability in a population. As previously mentioned, participants 
were randomly sampled from a larger list of possible participants, however such a sample is 
not as representative of the population as a probability random sample.808 Therefore there 
may be some degree of underestimation of standard errors and overstatement of statistical 
significance. The p values are not interpreted literally but are treated as a guide for further 
exploration.  
6.5.1.3 Think-aloud method 
Critiques of the “think-aloud” method have suggested that thinking aloud affects 
participants’ performance on cognitive tasks, thereby producing inaccurate data, and that 
participants’ verbalisations are not representative of their underlying cognitive processes.973, 
974 However a number of studies have demonstrated that thinking aloud does not interfere 
with participants’ cognition and that “think-aloud” data accurately reflects participants’ 
thought processes.870, 975, 976 The “think-aloud” data was analysed in a systematic fashion, 
using a purposeful approach to thematic analysis,940 adding credibility to the study findings.880 
Although only one researcher coded the data, the analysis and findings were regularly 
discussed and debated at research team meetings. The “think-aloud” data was not audio 
recorded due to cost and time constraints, however as the researcher was not required to ask 
questions or interact with the participants during the exercise, the participants verbalisations 
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were able to be transcribed in real time. While some researchers advocate the use of a follow-
up interview to validate the researchers’ interpretations of the “think-aloud” data,977 this was 
not possible in the current study due to the busy schedules of the clinicians. This study has 
demonstrated that the concurrent “think-aloud” technique is a feasible technique not only for 
the validation of survey or questionnaire items but for exploring clinicians’ decision-making 
using vignettes, and that it may help to provide evidence of internal and construct validity in 
vignette studies.  
6.6 Conclusions  
This study has demonstrated that PredAHT had a significant impact on clinicians’ AHT 
probability estimates, showing that clinicians are willing to alter their own probability estimate 
of AHT when exposed to a validated CPR. However, clinicians’ proposed CP actions were only 
influenced by PredAHT in a minority of cases. Additional research is required to assess the 
actual impact of PredAHT in clinical practice. Chapter 7 presents findings from a novel multisite 
feasibility study of the evaluation of PredAHT in clinical practice.  
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7 Evaluating the impact of the Predicting Abusive Head 
Trauma clinical prediction tool in clinical practice: A 
feasibility study 
7.1 Chapter overview 
This chapter presents a novel feasibility study of the evaluation of PredAHT in clinical 
practice. A multisite, non-randomised, before—after study within the same clinicians was 
conducted, with a substantial qualitative element. Eighteen consecutive children less than 
three years of age admitted to two UK teaching hospitals with ICI were prospectively enrolled 
in the study. Children’s case notes were reviewed to extract clinical data, and data regarding 
the explanation of the injury and social history. Several clinicians involved in the admission 
and/or care of each child participated in an interview where they applied PredAHT to the case 
and discussed the probability of AHT estimated by PredAHT in relation to the case. Cases were 
followed up to determine the outcome (AHT vs. nAHT). A range of component outcome 
measures were used to assess the feasibility of evaluating the impact of PredAHT in clinical 
practice, and the findings were formally assessed using an established analytic framework. 
Qualitative data were analysed using thematic analysis facilitated by the Framework Method. 
The study yielded rich qualitative data regarding the impact of PredAHT on clinicians’ AHT 
probability estimates and CP actions in each case. The findings are summarised and discussed 
in relation to the current literature, and the strengths and limitations of the study are 
considered. Finally, the implications of the study for research and practice are discussed.  
7.2 Introduction 
As outlined in Chapter 3, an important aim of a CPR is to demonstrate a positive impact 
on clinical decision-making and patient outcomes. It cannot be guaranteed or assumed that a 
well-validated CPR that demonstrates good predictive performance will enhance medical 
decision-making when used in clinical practice, let alone improve patient outcomes.316 The 
impact of CPRs on process and patient outcomes can be quantified in comparative studies such 
as randomised clinical trials, which require considerable time and resources.315 In order to 
maximise the possibility that the use of a CPR will indeed confer positive effects on decision-
making and health outcomes, an important first step is to assess the feasibility of conducting 
an impact study.300 The MRC framework emphasizes the importance of feasibility and piloting 
work prior to assessing the effectiveness of an intervention, and specifically recommends that 
the study and recruitment procedures are tested.322, 323 Crucially, Reilly and Evans299 note that 
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“a prediction rule rises to the level of a decision rule only if clinicians use its predictions to help 
make decisions for patients” (p. 201). Since PredAHT does not recommend specific actions 
based on its predicted probabilities, it is unclear how the PredAHT probabilities will affect 
clinicians’ decisions. Therefore a feasibility study was conducted to determine whether a full-
scale impact study can and should be conducted, to explore how probabilities relate to 
clinicians’ CP actions, and to explore potentially appropriate outcome measures for use in a 
definitive study.  
7.2.1 Aims and objectives  
The primary aim of this study was to establish the feasibility of evaluating the impact 
of PredAHT in clinical practice, to determine whether a full-scale impact analysis of PredAHT is 
warranted. To address this, the different components of the methods and processes used to 
conduct the study were assessed. The study objectives were to: 
1. Assess the processes of patient identification, patient follow-up and clinician 
recruitment 
2. Explore how different probability predictions relate to clinicians’ CP decision-
making 
3. Test the feasibility of collecting the proposed outcome measures, including 
optimal time points for data collection 
4. Assess the appropriateness of the proposed outcome measures  
5. Qualitatively explore clinicians’ experiences of using PredAHT in clinical practice 
To decide whether a full scale impact analysis study is indicated, the feasibility study 
findings were assessed against an established analytic framework.978, 979 The secondary aims 
were to assess the performance of PredAHT in the study population, at baseline and when 
incorporating clinicians’ prior probabilities of AHT, and to assess the performance of clinicians 
at predicting AHT, both before and after using PredAHT.  
7.3 Methods 
This feasibility study was a multisite, non-randomised, before—after study within the 
same clinicians, with a substantial qualitative component. The study adopted a mixed methods 
approach and was conducted within a pragmatic research paradigm,871 which has been 
described in Chapter 6, Section 6.3.1.1.  
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7.3.1 Rationale  
Feasibility studies aim to estimate important parameters that are needed to design a 
full-scale study.980 They are used to test the different aspects of the study design, methods, 
and processes used, in preparation for the main study,322, 980, 981 and to determine whether an 
intervention is appropriate for further testing.982 A feasibility study asks whether the future 
study can be done, should be done, and if so, how.983, 984 Crucially, the aims and objectives of a 
feasibility study are not the same as for a definitive study; a feasibility study does not test the 
efficacy of an intervention, and it need not be randomised or have a primary outcome 
measure.980, 981 Feasibility studies can also be considered as distinct from pilot studies, in that 
feasibility studies focus on the process of the development and evaluation of an intervention 
and a preliminary exploration of participants’ responses to the intervention, while pilot studies 
focus on outcomes rather than process, and include a more controlled analysis of participants’ 
responses to the intervention.985 The distinctive features of a feasibility study are outlined in 
Figure 7.1. 
As described in Chapter 3, the optimal study design for an impact analysis is a cluster 
randomised trial with centres as clusters.296 In the index arm, clinicians use the CPR in clinical 
practice, while in the control arm the CPR is not used i.e. the clinicians are not exposed to its 
predicted probabilities. The actions of the index group that are guided by the CPR are 
subsequently compared to the actions of the group providing usual care. The impact on 
patient outcomes can also be compared between the two groups. However, such a study is 
expensive to undertake and poses significant practical and logistical challenges, particularly 
when investigating a condition with a low population prevalence.295, 296, 305 Therefore, a 
simpler before—after study design within the same clinicians was chosen for the feasibility 
study,295 whereby clinicians indicated their perceived probability estimate of AHT and CP 
decision for the same patient both before and after seeing the PredAHT predicted probability 
of AHT. While the possible inclusion of a control group and randomisation process was 
considered, to the researcher’s knowledge there have been no completed impact studies of a 
CPR designed to assist in the identification of AHT, and it is unknown how a CPR in this field 
may be received or used in clinical practice, therefore it was considered most important to first 
establish the feasibility of conducting an impact study of PredAHT. Due to the low prevalence 
of AHT, two study sites were chosen in order to maximise the number of cases. All clinicians 
recruited to the study took part in a qualitative interview regarding their experiences of 
applying PredAHT to specific cases in clinical practice. In-depth qualitative data can help to 
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provide a detailed understanding of the feasibility of an intervention, assist in optimising the 
design and evaluation of an intervention, and enables the examination of mechanisms of 
impact of an intervention by capturing participants’ experiences of, responses to, and 
interactions with the intervention.318 
 
Figure 7.1 Distinctive features of a feasibility study 
 
Reproduced with permission from Orsmond and Cohn, 2015 
7.3.2 Setting and study population 
All consecutive children less than three years of age admitted to the Children’s 
Hospital at the University Hospital of Wales (UHW) or the Bristol Royal Hospital for Children 
(BRHC) with ICI confirmed on neuroimaging, between 31st March and 31st August 2016, were 
prospectively enrolled to the study. Both sites are large teaching children’s hospitals in the UK. 
The BRHC became the paediatric major trauma centre for the South West of England in May 
2014.  
7.3.2.1 Inclusion and exclusion criteria  
ICI was defined as the presence of any combination of: extra-axial haemorrhage, 
diffuse or focal parenchymal injury, cerebral oedema, cerebral contusion, hypoxic ischaemic 
injury or diffuse axonal injury, as per the derivation and validation studies.59, 60 Children with 
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intracranial findings secondary to confirmed birth injury, a history of a motor vehicle collision, 
or an underlying structural abnormality or pre-existing disease (hydrocephalus, cystic lesion or 
tumour, malformation, abnormal brain development) were excluded. In these clinical 
scenarios AHT is unlikely to be considered as a differential diagnosis, and therefore CP 
interventions would not be indicated. Children with gunshot wounds, stab wounds and 
penetrating trauma were excluded as per the Centers for Disease Control definition of AHT.58 
7.3.3 Site recruitment and set-up  
The BRHC was recruited as a study site following a GW4 Alliance two day collaboration 
event that took place in February 2015 with the objective of setting up a research community 
around the topic of child head injuries. During this event, the researcher gave a presentation 
on the development and validation of PredAHT, and the proposed feasibility study, to a group 
of invited international researchers and clinicians. Dr Giles Haythornthwaite, an emergency 
medicine consultant, expressed an interest in undertaking the feasibility study at the BRHC and 
agreed to act as Principal Investigator at this site. Two paediatric major trauma nurse 
coordinators at BRHC, Mrs Aimee White and Ms Jenni Fryer, agreed to assist in identifying 
eligible children and clinicians for inclusion in the study. Dr Malcolm Gajraj, a consultant in 
paediatric intensive care, agreed to act as a clinical supervisor at the UHW.  
7.3.3.1 Case identification 
A number of different methods were used at each study site to ensure that all 
eligible children were identified and included in the study.  
7.3.3.1.1 University Hospital of Wales 
Clinicians working on inpatient wards and in the PICU were asked to notify the 
researcher by email or telephone of all children eligible for inclusion, as soon as possible 
following their admission to hospital. The researcher attended weekly safeguarding and 
radiology peer review meetings, and kept in regular telephone contact with the children’s ED, 
the Children’s Admissions Unit, the PICU and the Radiology department. Study posters were 
placed in prominent areas to remind clinicians to notify the researcher of all eligible children 
admitted. Despite this, there was a concern that some cases may be missed, as not all 
clinicians were aware that the study was taking place. These methods were therefore 
supplemented with regular searches of the hospital radiology database (IMPAX) for head CT 
scans in children less than three years of age, and eligible children included. The database was 
 
 
279 
 
retrospectively searched from the beginning of the study period, to ensure that no cases had 
been missed.  
7.3.3.1.2 Bristol Royal Hospital for Children 
Eligible cases were identified at BRHC by the two paediatric major trauma nurse 
coordinators, using a variety of methods. Patients were primarily identified from the ED 
electronic clerking in system, and hospital databases containing live data on current inpatients 
were checked. The nurse coordinators received notifications from ward staff via a “tracking 
email”, and from the clinical site team via a “bed request” email from the ED. Verbal and email 
referrals were received from the clinical site team, the hospital safeguarding team, advanced 
nurse practitioners and the neurosurgical team. Cases were tracked and discussed at the 
weekly multidisciplinary paediatric major trauma team meeting, which the researcher 
attended whenever possible. Patients admitted on a weekend or out-of-hours were tracked 
the following working day.  
7.3.3.2 Sampling and recruitment of clinicians  
The researcher approached several clinicians who were involved in the admission 
and/or care of each child included in the study, in order to obtain a range of opinions on the 
likelihood of AHT and the utility and impact of PredAHT. The researcher targeted clinicians 
from a variety of specialities and with different levels of CP experience and seniority. This 
included nurses, general paediatricians, paediatric intensivists, emergency medicine 
paediatricians, community paediatricians, radiologists, neurologists, neurosurgeons, and 
ophthalmologists. Eligible clinicians were identified from discussions with ward staff, and from 
entries in the child’s case notes. Clinicians were approached on the ward, or contacted via 
email, and asked if they could take part in an interview about PredAHT, with regard to the 
child they had recently cared for. Individuals were excluded if they had not been involved in 
the child’s admission or care.  
7.3.3.3 Study promotion 
The researcher, supported by the clinical supervisors and wider study team, visited 
PICU and paediatric inpatient wards at both sites prior to study commencement, to promote 
the study to clinicians. The researcher delivered six presentations about PredAHT and the 
study at PICU, radiology, safeguarding, and paediatric multidisciplinary major trauma meetings 
at both sites, to ensure that as many clinicians as possible were aware that the study was 
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taking place, and that they may be approached to take part and assist in the identification of 
eligible patients.  
7.3.4 Intervention 
The intervention was the use of PredAHT to guide the clinicians' estimate of the 
probability of AHT and their subsequent CP actions. Clinicians were asked to apply PredAHT to 
the child that they had cared for. PredAHT provided an LR and percentage probability estimate 
of AHT to the clinician but no other recommendations regarding their next CP actions. There 
were no other differences in patient care. All clinicians then took part in an interview where 
they discussed PredAHT in relation to the case. 
7.3.5 Outcome measures 
7.3.5.1 Primary outcome 
The overall primary outcome of the feasibility study was whether a full-scale impact 
analysis of PredAHT is warranted and feasible. This was formally assessed using an established 
analytic framework based on the work of Bugge et al.978 and Shanyinde and colleagues.979 A 
range of component outcome measures were used to assess the feasibility of evaluating the 
impact of PredAHT in clinical practice, in line with the study objectives (Table 7.1).  
 
Table 7.1 Outcome measures used in the feasibility study, aligned in accordance with the 
study objectives 
Feasibility objective  Outcome measure Assessment 
1. Assess the 
processes of patient 
identification, 
patient follow-up 
and clinician 
recruitment  
Recruitment rate of children < 3 years 
old admitted to hospital with ICI 
identified on neuroimaging 
Number of cases 
identified and enrolled in 
the study 
Method of recruitment of children < 3 
years old admitted to hospital with ICI 
identified on neuroimaging  
Number of cases eligible 
for inclusion over the 
study period 
Method of collecting follow-up patient 
data (AHT vs. nAHT) 
Availability and quality of 
outcome data collected 
at different stages in the 
CP process  
Recruitment rate of clinicians involved 
in the care/admission of the children  
Number of clinicians 
recruited for each case 
Number of clinicians who 
declined to participate 
Method of recruitment of clinicians 
involved in the care/admission of the 
children 
Number of clinicians 
recruited on the wards 
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Number of clinicians 
recruited by email 
2. Explore how 
different probability 
predictions relate to 
clinicians’ CP 
decision-making 
Clinicians’ probability thresholds for CP 
investigations and social services 
referral  
Qualitative interviews 
 
3. Test the feasibility 
of collecting the 
proposed outcome 
measures, including 
optimal time points 
for data collection 
Time taken to identify and enrol eligible 
patients, extract clinical data, and 
recruit and interview clinicians  
 
 
Mean and standard 
deviation of time taken 
for case identification 
from the time of hospital 
admission 
Mean and standard 
deviation of time taken to 
extract clinical data from 
the time of case 
identification 
Mean and standard 
deviation of time taken to 
conduct the first clinician 
interview from the time 
of clinical data extraction 
Determine the optimal time-point to 
interview clinicians about PredAHT 
Qualitative interviews 
Test the feasibility of obtaining 
clinicians’ predicted probabilities of AHT 
Qualitative interviews 
Completeness of data including: 
Patient clinical data 
Clinician data 
Availability of clinical 
variables required for 
PredAHT in children’s 
case notes  
Amount of missing data 
on clinicians’ predicted 
probabilities of AHT or CP 
actions 
4. Assess the 
appropriateness of 
the proposed 
outcome measures  
Assess the actions taken by clinicians, 
and the impact of PredAHT on 
clinicians’ own probability estimates of 
AHT and subsequent CP actions in each 
case  
Qualitative interviews  
5. Qualitatively 
explore clinicians’ 
experiences of using 
PredAHT in clinical 
practice  
Explore the factors influencing 
clinicians’ AHT probability estimates 
and CP actions in each case  
Explore the reasons why PredAHT did or 
did not influence clinicians’ AHT 
probability estimates or CP actions in 
each case 
Qualitative interviews  
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7.3.5.2 Secondary outcomes 
The secondary outcomes assessed were the performance of PredAHT in the study 
population, at baseline and when incorporating clinicians’ prior probabilities of AHT, and the 
performance of clinicians in predicting AHT, both before and after using PredAHT.  
7.3.6 Data collection procedure 
As soon as each eligible child was identified, the child’s case notes were located and 
reviewed. Each child was assigned a unique study ID number. A list of study ID numbers was 
stored against the children’s NHS numbers, separately to other research data and in a locked 
filing cabinet, for follow-up purposes. The researcher invited the clinicians involved in the 
admission or care of each child to participate in an interview about PredAHT with regards to 
the case. All children were followed up to determine the CP outcome for each case (AHT vs. 
nAHT). The full data collection procedure is outlined in Figure 7.2. Each of the main stages are 
discussed in detail below.  
7.3.6.1 Case note review 
A data collection form was completed for each case (Appendix 33). Data were 
collected on the six clinical features included in PredAHT (head/neck bruising, seizures, 
apnoea, rib fractures, long-bone fractures, retinal haemorrhages), the child’s gender and age, 
details of the presenting history and clinical investigations, the explanation for the injury given 
by the care-giver, the social history, the presence of skull fractures, spinal injury, abdominal 
injury, additional bruising and additional retinal features, and specific details of the ICI and RH. 
Anonymised data were entered onto a password-protected database. 
7.3.6.2 Clinician interviews 
All participating clinicians were given the participant information sheet to read and 
keep (Appendix 34). Informed consent was obtained, including permission for audio recording 
(Appendix 35). Participant demographic data were collected in order to describe the 
characteristics of the sample (Appendix 36). Each interview began by asking the clinician to 
broadly describe what they knew about the case under discussion, and how they were 
involved. The researcher then informed the clinician about the six clinical features included in 
PredAHT, and whether each was present, absent, or missing in the child.  
As in the vignette study reported in Chapter 6,748 clinicians first estimated their 
”prior” probability of AHT, based on factors pertinent to the case (other than the six clinical 
features included in PredAHT), e.g. purported history, clinical presentation or psychosocial 
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features. They then estimated their Time 1 probability of AHT and indicated their Time 1 
proposed CP action, based on the overall features of the case. If the clinician had already 
initiated CP procedures prior to the interview, they were asked to record what they had done. 
If CP procedures were initiated by someone else, they were asked whether they agreed with 
the actions taken, and if not what they would have done differently. As before, CP actions 
were aligned with three categories of concern as per National Institute for Health and Care 
Excellence child maltreatment guidelines586; clinicians could choose multiple options.  
The PredAHT probability score was then calculated using the clinicians’ prior 
probability, and the child’s clinical details. After seeing the PredAHT probability score, 
participants estimated their Time 2 probability of AHT and indicated their Time 2 proposed CP 
action. Clinicians were asked to provide reasons for their probability estimates and CP 
decisions, and to discuss at length why PredAHT did or did not influence their AHT probability 
estimate or next CP action. If CP investigations were already completed at the time of the 
interview, the clinician was asked whether PredAHT would have influenced their CP decisions 
in retrospect. All clinicians used Version 2 of the computerised PredAHT tool, as described in 
Chapter 4.  
7.3.6.3 Case follow-up  
The criteria used to define AHT and nAHT are described in Box 7.1. In the absence of 
a gold-standard diagnostic reference test for AHT, it is important to ensure that circularity is 
minimised, i.e. that decisions regarding abuse are not based solely on the child’s clinical 
features. In line with the systematic review,24 derivation study,59 and validation study60 
described in Chapter 4, injuries were defined as abusive or non-abusive based on the decision 
made following a multidisciplinary assessment by clinicians, social workers, the police and 
other relevant agencies at a strategy meeting, case conference, or child death case review 
meeting. If the child had a multidisciplinary assessment the clinical supervisors liaised with an 
identified contact from the hospital-based safeguarding team to determine the decision. 
Children in whom nAHT was diagnosed by the medical team or the hospital-based 
safeguarding team/community paediatrician, were followed up six months after the study 
period to determine if they had re-presented to hospital with CP concerns following their 
initial admission. This was done in order to further confirm the absence of any safeguarding 
concerns and enhance confidence in the security of the diagnosis of nAHT.
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Box 7.1 Criteria used to define AHT and nAHT 
Criteria for AHT: 
Strategy meeting, case conference, child death case review meeting, family proceedings, or 
criminal proceedings concluded a high probability of AHT 
Perpetrator admitted AHT 
AHT was witnessed  
Criteria for nAHT: 
Strategy meeting, case conference, child death case review meeting, family proceedings, or 
criminal proceedings concluded probable nAHT 
nAHT was independently witnessed 
Clinical/hospital safeguarding team presumed nAHT AND the child did not return to hospital 
with any CP concerns in the six months following their initial admission 
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Figure 7.2 Data collection procedure 
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7.3.7 Ethical and governance issues  
7.3.7.1 Study sponsorship  
Cardiff University agreed to act as Sponsor for the study (reference SPON 1471-15), 
on 28th October 2015 (Appendix 37).  
7.3.7.2 Ethical approval 
This study received ethical approval from the NHS Health Research Authority, Wales 
Research Ethics Committee 3 (reference 16/WA/0003) on January 21st 2016 (Appendix 38). An 
amendment was submitted on 12th July to request to search the hospital radiology database 
(IMPAX) at the University Hospital of Wales. This was approved on 29th July 2016 (Appendix 
39). 
7.3.7.3 Confidentiality Advisory Group approval 
Confidentiality Advisory Group (CAG) approval was sought to allow the collection of 
clinical data from the children’s case notes without consent from their parents or care-givers. 
This was sought as to seek individual consent would reduce and bias case ascertainment and 
jeopardise the study population. In many research studies that explore child maltreatment 
concerns, it is often the population of interest whose parents do not consent to participate, 
yet it is important to study this vulnerable group of children in order to improve the 
identification of maltreatment. CAG approval (reference 16/CAG/0022) was granted on 21st 
March 2016 (Appendix 40).  
7.3.7.4 NHS Research and Development approval 
Approval for the study from the Cardiff and Vale University Health Board Research 
and Development (R&D) Office was granted (reference 15/RPM/6359) on 29th March 2016 
(Appendix 41). A letter of access to conduct research through the health board was issued on 
24th March 2016 (Appendix 42). Approval from University Hospitals Bristol NHS Foundation 
Trust was granted (reference CH/2015/5028) on 31st March 2016 (Appendix 43); a letter of 
access was issued on 31st March 2016 (Appendix 44).  
7.3.7.5 Study management 
Three study meetings were held at the BRHC, attended by all members of the study 
team, to discuss study progress and interim results, any issues relating to the study including 
recruitment and data collection issues, and any adverse events. The same issues were 
discussed at regular supervision meetings between the researcher and academic supervisors. 
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7.3.7.6 Data management  
Data were stored and managed in accordance with the Data Protection Act 1998, 
NHS Caldicott Guardian, The Research Governance Framework for Health and Social Care, and 
NHS Research Ethics Committee and Confidentiality and Advisory Group approvals. Audio 
recordings, transcripts, completed surveys and clinical data were securely stored on a 
password-protected, confidential Cardiff University server. All audio recordings, transcripts, 
completed surveys, clinical data, consent forms and demographic data will be held securely for 
15 years, in line with Cardiff University research data policies. After this, all data will be 
destroyed. Identifiable data, stored separately to the other research data, were destroyed 
three months after the study ended.  
7.3.7.7 Ethical considerations 
This study did not require direct patient contact, and did not require clinicians to 
perform any clinical or child protection-related investigations that, in their own clinical 
judgment, fell outside the scope of their usual patient care. Nevertheless, the interviews with 
clinicians explored their opinions about the probability that AHT had occurred in each case, 
and thus were highly sensitive, particularly as many of the cases under discussion were 
distressing. Some clinicians became conflicted, defensive, or upset during the interview. 
Participants were informed that PredAHT is not a diagnostic tool, but an assistive tool to be 
used as an adjunct to clinical decision-making, and is intended to complement rather than 
replace clinical judgment. They were told that the recorder could be stopped at any time, were 
reminded of their right to withdraw from the study at any point during the interview or 
beyond, and were assured that they did not have to answer any questions they did not want 
to. If the researcher had any concerns about a case, these were to be brought to the attention 
of the academic supervisors, who were to discuss these with the responsible clinicians. The 
ethical principles of Cardiff University were upheld at all times and the study was carried out 
according to the principles of the Declaration of Helsinki816 and the Caldicott principles.986 All 
members of the study team completed Good Clinical Practice training. 
7.3.7.8 Impact on the researcher 
The impact of conducting sensitive and emotive research on the researcher 
themselves is increasingly being recognized in the literature.987-989 It was important to 
consider the emotional wellbeing of the researcher during the study, particularly as they were 
solely responsible for conducting all of the interviews, reviewing the case notes and extracting 
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clinical data on children with possible AHT. At times, the researcher felt isolated, angry, sad, 
and powerless when reviewing the case notes of children who had been physically abused or 
who had died of their injuries, effects which have been documented in other researchers 
studying child maltreatment.990 Support mechanisms included regular PhD supervisory team 
meetings and a counselling session at the Cardiff University student support and wellbeing 
centre.  
7.3.7.9 Reflexivity 
The researcher adopted a reflexive approach to the collection and analysis of the 
qualitative data collected in this study. The potential influence of the researcher’s background 
and positionality, and the relationship between the researcher and the participant on the 
research process and interpretation of the findings have been discussed in Chapter 5, section 
5.3.5.4. During the study the researcher struggled to remain objective and neutral, due to the 
emotional and upsetting nature of some of the cases being discussed. Visiting the wards and 
interviewing clinicians about real cases underscored the harsh realities of AHT. The researcher 
quickly became aware that, when considering the diagnosis of AHT and using the PredAHT 
tool, the clinician’s narratives offered different perspectives on each case, highlighting the 
convoluted nature of decision-making in suspected AHT cases, and the difficulty of coming to 
conclusions.  
7.3.8 Data analysis  
Analysis focused on determining whether or not and how a full-scale impact study 
should proceed. This included identifying key methodological issues involved in moving from a 
feasibility study to a full-scale study, and establishing potential solutions to these issues.978, 979  
7.3.8.1 Feasibility outcomes  
Data were summarised using descriptive statistics where appropriate. The analytic 
framework proposed by Bugge et al.978 was used to summarise the results and identify 
potential solutions necessary for a full-scale study to be conducted. This framework is based 
on the work of Shanyinde et al.979 who identified 14 methodological components that should 
be evaluated in feasibility studies. Nine of these were relevant to the current study.  
7.3.8.1.1 Qualitative analysis 
Data were analysed using thematic analysis799 within a critical realist paradigm,835 
facilitated by the Framework Method829 and the constant comparative method.830 These 
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approaches have all been described in Chapter 5, section 5.3.6. Data were analysed according 
to the feasibility objectives outlined in Table 7.1. Findings related to clinicians’ experiences of 
applying PredAHT in clinical practice (objective 5) were organised by case. This allowed for an 
in-depth analysis of the impact of PredAHT on clinicians’ probability estimates of AHT and CP 
actions in each case, and facilitated comparisons both within and across cases. Eighteen 
interviews (one interview per case), were independently analysed by a second researcher with 
experience in qualitative methods. Discrepancies were resolved by discussion and consensus. 
All interviews were transcribed and imported into the data analysis software package NVivo, 
which was used to organise and manage the data and assist with data analysis.842 Findings 
from the descriptive and qualitative analyses are presented concurrently where appropriate. 
Findings related to the impact of PredAHT on clinicians’ AHT probability estimates and CP 
actions are presented by case, in section 7.4.1.5. 
7.3.8.2 Secondary outcomes 
The sensitivity, specificity, PPV, NPV, positive likelihood ratio and negative likelihood 
ratio of PredAHT were calculated 1) using the baseline prior probability of AHT and 2) 
incorporating clinicians’ prior probabilities of AHT. The same performance measures for 
clinicians’ probability estimates of AHT were calculated 1) before they used PredAHT (at Time 
1) and 2) after they used PredAHT (at Time 2). As multiple clinicians were interviewed about 
each case, the data were clustered, and therefore logistic mixed-effects models were used to 
calculate tool/clinician performance measures wherever possible, to adjust for the potential 
correlation between observations within each patient.991  
7.3.9 Reporting  
The CONSORT extension for randomised pilot and feasibility trials and the CONSORT-
EHEALTH guidelines for the reporting of web-based interventions were used to guide the 
reporting of this study.983, 992 Although the CONSORT extension for randomised pilot and 
feasibility trials does not directly apply to non-randomised feasibility studies, many of the 
principles of reporting remain applicable to non-randomised study designs.983 The qualitative 
components of this study are reported in accordance with the Consolidated Criteria for 
Reporting Qualitative Research (COREQ) guidelines.844  
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7.4 Results  
7.4.1 Feasibility outcomes  
7.4.1.1 Objective 1: Assess the processes of patient identification, patient follow-up and 
clinician recruitment  
7.4.1.1.1 Patient identification  
Eighteen consecutive children less than three years of age with ICI confirmed on 
neuroimaging were prospectively enrolled in the study. Twelve (67%) were admitted to BRHC, 
ten (56%) were aged less than six months, ten (56%) were male, nine (50%) were admitted to 
the PICU, and two (11%) died (Table 7.2). Eight (44%) children were out-of-area children, seven 
of whom were transferred to UHW or BRHC from a different regional hospital on the same day 
or the day following their initial presentation, and had undergone initial investigations (e.g. 
head CT scan) at the previous hospital. Case follow-up revealed that six children (33%) were 
deemed to have suffered AHT. The investigations that were performed are detailed in Table 
7.3. Of note, 4/6 (66%) children with AHT and 3/12 (25%) children with nAHT had a skeletal 
survey while all six children with AHT and 4/12 (33%) children with nAHT had an 
ophthalmology exam. The history and social history are detailed in Table 7.4. In 5/6 (83%) AHT 
cases, no history of trauma was given, while in contrast a history of trauma was provided for 
11/12 nAHT cases. Table 7.5 and Table 7.6 detail the specific history, presentation and clinical 
findings for each child with AHT and each child with nAHT, respectively. Among AHT cases, 
seizures, apnoea and RHs were the most common PredAHT predictor variables present, 
whereas head/neck bruising was more common among nAHT cases (Table 7.7). The presence 
of PredAHT predictor variables, predicted probabilities of AHT and LRs of AHT for each child 
with AHT and each child with nAHT are given in Table 7.9 and Table 7.8, respectively.  
Regarding the methods used to identify eligible patients with ICI for inclusion in the 
study, recruitment worked well at BRHC, where cases were tracked by two dedicated 
paediatric major trauma nurse coordinators as part of their day-to-day role in coordinating the 
care and rehabilitation of paediatric major trauma patients.993 However at UHW, when the 
researcher visited the PICU to review the case notes of an included child, another eligible child 
was present on the ward, having been admitted the previous day, and thus it became apparent 
that clinicians were failing to notify the researcher of eligible cases in a timely manner. Thus, 
3/8 cases were subsequently identified via regular searches of IMPAX, the hospital radiology 
database. Nevertheless, a retrospective search of IMPAX found that all eligible cases had been 
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identified and included in the study. Therefore, the researcher was confident that all eligible 
cases across the two sites had been included.  
Table 7.2 Demographics and epidemiology 
  Total 
n=18 
AHT 
n=6 
nAHT 
n=12  
Site, n (%)    
     UHW, Cardiff 8 (44.4) 4 (66.7) 4 (33.3) 
     BRHC, Bristol 10 (55.6) 2 (33.3) 8 (66.7) 
Age (in months), n (%)    
< 6 10 (55.6) 5 (83.3) 5 (41.7) 
6 – <12 4 (22.2) 0 (0) 4 (33.3) 
12 – <24 3 (16.7) 1 (16.7) 2 (16.7) 
24 – <36 1 (5.6) 0 (0) 1 (8.3) 
Gender, n (%)    
Male 10 (55.6) 3 (50) 7 (58.3) 
Female 8 (44.4) 3 (50) 5 (41.7) 
PICU admission, n (%) 9 (50) 6 (100) 3 (25) 
Neurosurgery, n (%) 1 (5.6) 0 (0) 1 (8.3) 
Intubation, n (%) 8 (44.4) 5 (83.3) 3 (25) 
ciTBI, n (%) 15 (83.3) 6 (100) 9 (75) 
Mortality, n (%) 2 (11.1) 2 (33.3) 0 (0) 
Hospitalization ≥2 nights, n (%) 14 (77.8) 5 (83.3) 9 (75) 
 
Table 7.3 Investigations 
 Investigations Total 
n=18 
AHT 
n=6 
nAHT 
n=12  
CT, n (%) 
     CT head 18 (100) 6 (100) 12 (100) 
     CT spine 2 (11.1) 1 (16.7) 1 (8.3) 
     CT thorax 3 (16.7) 1 (16.7) 2 (16.7) 
     CT abdomen 3 (16.7) 1 (16.7) 2 (16.7) 
     CT other 3 (16.7) 1 (16.7) 2 (16.7) 
MRI, n (%)    
     MRI head 7 (38.9) 5 (83.3) 2 (16.7) 
     MRI spine 6 (33.3) 4 (66.7) 2 (16.7) 
X-rays, n (%)    
     Chest X-ray 8 (44.4) 5 (83.3) 3 (25) 
          Follow-up chest X-ray 5 (27.8) 4 (66.7) 1 (8.3) 
     Additional X-rays 5 (27.8) 1 (16.7) 4 (33.3) 
     Skeletal survey 7 (38.9) 4* (66.7) 3 (25) 
          Follow-up skeletal survey 1 (5.6) 0 (0) 1 (8.3) 
Radionuclide bone scan, n (%) 1 (5.6) 1 (16.7) 0 (0) 
Ophthalmology, n (%) 10 (55.6) 6 (100) 4 (33.3) 
*Two skeletal surveys were performed post-mortem
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Table 7.4 History and social history 
 History and social history Total 
n=18 
AHT 
n=6 
nAHT 
n=12  
History of trauma given, n (%)    
     Yes 12 (66.7) 1 (16.7) 11 (91.7) 
     No 6 (33.3) 5 (83.3) 1 (8.3) 
History consistent between 
caregivers, n (%)    
     Yes 2 (11.1) 0 (0) 2 (16.7) 
     No 2 (11.1) 1 (16.7) 1 (8.3) 
     Not recorded 5 (27.8) 1 (16.7) 4 (33.3) 
     Not applicable 9 (50) 4 (66.7) 5 (41.7) 
History consistent over time, n 
(%) 
     Yes 9 (50) 2 (33.3) 7 (58.3) 
     No 4 (22.2)  2 (33.3) 2 (16.7) 
     Not recorded 5 (27.8) 2 (33.3) 3 (25) 
Injuries consistent with 
mechanism, n (%) 
     Yes 10 (55.6) 0 (0) 10 (83.3) 
     No 7 (38.9) 6 (100) 1 (8.3) 
     Not recorded 1 (5.5) 0 (0) 1 (8.3) 
Independently witnessed 
injury, n (%) 
     Yes 0 (0) 0 (0) 0 (0) 
     No 18 (100) 6 (100) 12 (100) 
Admitted inflicted injury, n (%) 
     Yes 2 (11.1) 1 (16.7) 1 (8.3)* 
     No 16 (88.9) 5 (83.3) 11 (91.7) 
Concerning social history, n (%)    
     Yes 6 (33.3) 2 (33.3) 4 (33.3) 
     No 11 (61.1) 4 (66.7) 7 (58.3) 
     Not recorded  1 (5.6) 0 (0) 1 (8.3) 
Previous involvement with 
social services, n (%)    
     Yes 5 (27.8) 3 (50) 2 (16.7) 
     No 12 (66.7) 3 (50) 9 (75) 
     Not recorded 1 (5.5) 0 (0) 1 (8.3) 
*Inflicted injury by sibling 
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Table 7.5 Details of the six children with intracranial injury due to abusive head trauma identified during the study period 
 
Case 
Age 
(months) 
History  Presentation Intracranial Injury Fractures  Retinal Findings Other Findings 
2 <6 
Baby slumped forward, 
went floppy and stopped 
breathing, father 
reported shaking the 
baby after it had stopped 
breathing  
Cardiac arrest, bruising to 
right side of face, 
generalised seizures 
 
Multiple bilateral 
SDH, HIE 
None 
Multiple bilateral 
multi-layered RH, 
small medium and 
large, in the posterior 
pole and periphery, 
swollen optic disc, 
periocular bruising 
No subconjunctival 
haemorrhages 
Cervical spine 
haemorrhage 
 
7 12 – <24 
Found collapsed and 
“blue” at home  
Cardiac arrest, bruise to 
left forehead, convulsive 
generalised seizures, 
subsequently died 
Multiple bilateral 
SDH of different 
ages, HIE, cerebral 
swelling 
No acute # on 
post-mortem SS 
Previous distal 
tibia #, and 
previous distal 
femoral 
metaphyseal # 
Rib and 
skull # found 
following post-
mortem 
examination994*  
Multiple bilateral 
multi-layered RH, 
small and medium, in 
the posterior pole 
and periphery, mixed 
and deep 
morphology, 
perimacular folds in 
left eye, optic disc 
swelling in both eyes 
No subconjunctival 
RH 
Bowel perforation  
No evidence of 
spinal subdural 
blood 
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12 <6 Hit head on father’s chin 
Bulging tense fontanelle, 
lower leg bruising, no 
evidence of scalp swelling 
or bruising  
Multiple bilateral 
acute SDH, HIE 
Possible skull # 
No rib # on chest 
X-Ray, SS not 
done 
Right eye: a few 
small intraretinal RH 
in the posterior pole 
Left eye: multiple 
small intraretinal RH 
in the posterior pole 
and periphery 
Optic disc 
surrounded by 
haemorrhages 
Apnoea, seizures 
No evidence of 
intraspinal subdural 
blood 
13 <6 
Unexplained collapse at 
home when winding after 
feeding  
Blood coming out of 
mouth and nose, not 
breathing  
Parents tried to wash 
blood away with water  
PEA cardiac arrest, low 
blood sodium, abrasions 
on perineum and buttocks, 
skin injuries, no external 
signs of head injury, 
subsequently died 
HIE 
Bilateral healing 
posterior rib # on 
chest X-Ray 
No skull #  
Post-mortem SS 
results unknown 
Multiple bilateral 
preretinal and 
intraretinal RH in the 
posterior pole and 
periphery, small 
medium and large  
Macular retinoschisis 
possible in right eye  
Optic disc 
haemorrhages  
No perimacular folds 
No subconjunctival 
haemorrhages 
Tonic seizures 
14 <6 
Landlady noticed baby 
increasingly unwell 
No clear history of 
trauma from parents 
Pale, vomiting, 
hypothermic, soft 
fontanelle, severe acidosis 
and respiratory distress 
and reduced conscious 
level, bruises on chest and 
back and in mouth, no 
head/neck bruising 
Bilateral SAH, DAI, 
contusion  
Healing clavicle # 
Acute rib # on CT 
No skull # 
SS not done 
None 
Liver laceration, 
splenic injury 
No witnessed 
seizures 
No intraspinal 
haematoma 
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17 <6 
Parents left baby with 
relative. Relative called 
parents as child was 
crying, floppy, 
unresponsive and 
twitching 
Floppy, reduced 
consciousness, generalised 
tonic-clonic seizures, tense 
fontanelle, bruising over 
eyelids 
Multiple bilateral 
SDH, HIE, cortical 
swelling, SAH 
None 
Multiple bilateral 
multi-layered RH in 
the posterior pole 
and periphery, small 
medium and large, 
multiple and white 
centred morphology  
Macula haemorrhage 
Subhyaloid 
haemorrhage  
Optic disc 
haemorrhages 
Perimacular folds  
No subconjunctival 
haemorrhages 
None 
* The rib and skull fractures were not known at the time of the study, the presence of these features were determined from the family court judgment referenced. SDH 
= subdural haemorrhage, HIE = hypoxic ischaemic encephalopathy, RH = retinal haemorrhage, # = fracture, SS = skeletal survey, PEA = pulseless electrical activity, SAH = 
subarachnoid haemorrhage, DAI = diffuse axonal injury, CT = computed tomography 
Table 7.6 Details of the 12 children with intracranial injury due to non-abusive head trauma identified during the study period 
Case 
Age 
(months) 
History Presentation Intracranial Injury Fractures Retinal Findings Other Findings 
1 6 – <12 Crush injury 
Vomiting, apnoeic, soft 
tissue swelling over parietal 
occipital bones, bruising to 
front of head 
Extensive bilateral 
SAH, acute shallow 
SDH, HIE, cerebral 
swelling 
Bilateral 
comminuted # of 
occipital bone, 
transverse # of right 
temporal bone 
No rib # on chest x-
Ray, SS not done 
Ophthalmoscopy not 
done 
Generalised 
seizures 
No visceral 
injury 
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3 24 – <36 
Fall from first floor 
window onto head 
Bruising on the back of the 
head  
EDH 
Left occipital skull # 
No rib # on CT 
SS not done  
Ophthalmoscopy not 
done 
No apnoea, no 
seizures  
4 6 – <12 
Fall from sofa onto 
carpeted floor whilst 
mobilising  
No LOC 
Boggy swelling, no obvious 
bruising/lacerations noted   
EDH 
Linear parietal skull # 
SS not done 
Ophthalmoscopy not 
done 
No apnoea, no 
seizures 
5 <6 
Sibling picked baby up 
out of Moses basket and 
banged babies head on 
door 
Bruising to the right side of 
the head  
EDH 
Linear undisplaced 
parietal skull vault # 
No other # on SS 
None 
No apnoea, no 
seizures, no 
spinal blood 
6 <6 
Breastfeeding, baby 
unrolled from breast and 
hit head on metal frame 
of attached bedside cot 
No LOC  
Fell onto carpeted floor 
after hitting head 
Lump/swelling to the head, 
acute scalp haematoma 
Extra-axial blood 
and remote SDH 
Right complex 
parietal skull # 
No chest X-Ray or 
chest CT done, SS 
not done  
None  
No respiratory 
distress, no 
seizures 
8 12 – <24 
Playing football in the 
back garden, fell over 
backwards onto a 
gravelled area 
No LOC, vomiting or 
drowsiness 
Boggy swelling, bruising 
behind the left ear 
EDH 
Left parietal skull # 
No chest X-Ray or 
chest CT done, SS 
not done 
Ophthalmoscopy not 
done 
 
No respiratory 
distress, no 
seizures 
9 <6 
Fall from mothers arms 
onto wooden floor 
Petechial bruises to left side 
of neck, soft anterior 
fontanelle, swelling above 
ear, bruise to the side of the 
head 
SDH 
Comminuted # of the 
left parietal bone  
Linear # of the right 
parietal bone 
No chest X-Ray or 
chest CT done, SS 
not done 
Ophthalmoscopy not 
done 
No apnoea, no 
seizures 
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10 12 – <24 
Fall from sofa onto 
carpet, had craniofacial 
surgery one day prior 
due to craniofrontonasal 
dysplaisa 
Tonic-clonic seizure, 
vomiting, no evidence of 
bruising 
Acute high density 
SDH 
No skull #, no chest 
X-Ray or chest CT 
done, SS not done 
Ophthalmoscopy not 
done 
No respiratory 
distress 
11 <6 
No explanation given, 
high risk child, previous 
social services 
involvement 
Blood in mouth nose and 
larynx with respiratory 
arrest, vomiting 
Cortical 
laceration/shear 
containing acute 
blood 
None None 
No spinal 
haematoma, 
no head/neck 
bruising 
15 6 – <12 
Fall down stairs, hit head 
on radiator 
Large bruise to the right 
side of head 
Blood in the 
underlying 
subdural and 
subarachnoid 
space, 
haemorrhagic 
contusion within 
the right frontal 
lobe 
Depressed # of the 
right frontal bone 
extending into the 
coronal suture, no 
chest X-Ray or chest 
CT done, SS not done 
Ophthalmoscopy not 
done 
No seizures or 
apnoea 
16 6 – <12 
Initially no explanation 
given, then father 
reported dropping the 
baby 
Swelling to right side of 
head 
Small SDH 
Right parietal skull #, 
no other # on SS 
None 
No seizures, no 
apnoea, no 
bruising 
18 <6 
Fall from mothers arms 
down stairs onto 
carpeted floor 
Scalp haematoma to left 
side of head 
Coritcal 
haemorrhage 
Right linear parietal 
skull #, no chest X-
Ray or chest CT 
done, SS not done 
Ophthalmoscopy not 
done 
No seizures, no 
apnoea 
SAH = subarachnoid haemorrhage, SDH = subdural haemorrhage, HIE = hypoxic ischaemic encephalopathy, # = fracture, SS = skeletal survey, EDH = extradural 
haemorrhage, CT = computed tomography, LOC = loss of consciousness  
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Table 7.7 Presence of predictor variables with odds ratios of abusive head trauma for individual variables 
 
 Total (n=18) AHT (n=6) nAHT (n=12) 
OR for AHT* 95% CI p 
  n % 95% CI n % 95% CI n % 95% CI 
Head/neck  
bruising 
 
 
         
 
Present 11 61.1 (36.1–81.7) 3 50 (14–86.1) 8 66.7 (35.4–88.7) 0.5 (0.07–3.7) 0.5 
Absent 7 38.9 (18.3–63.9) 3 50 (14–86.1) 4 33.3 (11.3–64.6) 
   
 
Unknown 0 0 (0–21.9) 0 0 (0–48.3) 0 0 (0–30.1) 
   
 
Seizures 
 
  
           
 
Present 8 44.4 (22.4–68.7) 5 83.3 (36.5–99.1) 3 25 (6.7–57.2) 15 (1.21–185.21) 0.03 
Absent 10 55.6 (31.4–77.6) 1 16.7 (0.9–63.5) 9 75 (42.8–93.3) 
   
 
Unknown 0 0 (0–21.9) 0 0 (0–48.3) 0 0 (0–30.1) 
   
 
Apnoea 
 
  
           
 
Present 7 38.9 (18.3–63.9) 5 83.3 (36.5–99.1) 2 16.7 (2.9–49.1) 25 (1.8–346.71) 0.02 
Absent 11 61.1 (36.1–81.7) 1 16.7 (0.9–63.5) 10 83.3 (50.9–97.1) 
   
 
Unknown 0 0 (0–21.9) 0 0 (0–48.3) 0 0 (0–30.1) 
   
 
Rib fracture 
 
  
           
 
Present 3 16.7 (4.4–42.3) 3 50 (14–86.1) 0 0 (0–30.1) 6.1 (0.23–162.7) 0.28 
Absent 8 44.4 (22.4–68.7) 3 50 (14–86.1) 5 41.7 (16.5–71.4) 
   
 
Unknown 7 38.9 (18.3–63.9) 0 0 (0–48.3) 7 58.3 (28.6–83.5) 
   
 
Long-bone  
fracture 
 
  
           
 
Present 1 5.6 (0.3–29.4) 1 16.7 (0.9–63.5) 0 0 (0–30.1) 4.2 (0.12–152) 0.43 
Absent 5 27.8 (10.7–53.6) 2 33.3 (6–75.9) 3 25 (6.7–57.2) 
   
 
Unknown 12 66.7 (41.2–85.7) 3 50 (14–86.1) 9 75 (42.8–93.3) 
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Retinal  
haemorrhage 
 
  
           
 
Present 5 27.8 (10.7–53.6) 5 83.3 (36.5–99.1) 0 0 (0–30.1) 33 (1.06–1023.62) 0.04 
Absent 5 27.8 (10.7–53.6) 1 16.7 (0.9–63.5) 4 33.3 (11.3–64.6) 
   
 
Unknown 8 44.4 (22.4–68.7) 0 0 (0–48.3) 8 66.7 (35.4–88.7) 
   
 
* Odds ratio calculations exclude unknowns. AHT = abusive head trauma, nAHT = non-abusive head trauma, OR = odds ratio, CI = confidence interval 
 
Table 7.8 Presence of predictor variables, predicted probability of abusive head trauma and likelihood ratio of abusive head trauma for each of the 
children with abusive head trauma 
 
Case 
ID 
Retinal 
haemorrhage 
Rib fracture Long-bone 
fracture 
Head/neck 
bruising 
Apnoea Seizure PredAHT 
Predicted 
Probability 
PredAHT 
Likelihood 
Ratio 
14   ?    94.9% 34.65 
17       96.7% 54.99 
12   ?    98.2% 101.29 
2       99.5% 379.25 
13*   ?    100% 5964.16 
7*       100% 233092.74 
*Deceased  
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Table 7.9 Presence of predictor variables, predicted probability of abusive head trauma and likelihood ratio of abusive head trauma for each child 
with non-abusive head trauma 
Case 
ID 
Retinal 
haemorrhage 
Rib fracture 
Long-bone 
fracture 
Head/neck 
bruising 
Apnoea Seizure 
PredAHT 
Predicted 
Probability 
PredAHT 
Likelihood 
Ratio 
16       3.9% 0.08 
4 ? ? ?    10.7% 0.22 
5       14.7% 0.32 
6  ? ?    26.5% 0.67 
3 ?  ?    43.4% 1.43 
8 ? ? ?    44.2% 1.48 
9 ? ? ?    44.2% 1.48 
15 ? ? ?    44.2% 1.48 
18 ? ? ?    44.2% 1.48 
10 ? ? ?    45.4% 1.55 
11       58.5% 2.63 
1 ?  ?    97.2% 65.63 
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7.4.1.1.2 Patient follow-up 
Obtaining outcome data regarding AHT vs. nAHT proved challenging. If the child 
had a multidisciplinary assessment, the decision regarding AHT was determined by 
communicating with the hospital CP team, whose role is to liaise with clinicians, health visitors, 
social services and the police, arrange and attend strategy meetings, and follow up results of 
investigations in order to support clinicians in the smooth running of the CP process. Nine 
children had a multidisplinary assessment involving a strategy meeting or child death review, 
two were referred to social services where, although a strategy meeting was not conducted, 
either the police investigated the scene (Case 1), or social services carried out an initial 
assessment (Case 6), and seven children did not have a multidisciplinary assessment (Table 
7.10). For all nine children who had a multidisciplinary assessment, the outcome regarding AHT 
was successfully obtained from the strategy meeting, Section 47 enquiry findings, or 
family/criminal proceedings. However in 2/9 of these cases (Cases 2 and 17), the Section 47 
enquiry was ongoing at the time of case follow-up; therefore the decision following the 
strategy meeting was used. In one further case (Case 14) it was unknown if a section 47 
enquiry was initiated as the patient was transferred to a different hospital for specialist care. 
Of the 7/18 children who did not have a multidisciplinary assessment, none returned to the 
UHW or BRHC with injuries or symptoms prompting CP concerns within six months of the 
study period. However, one was an out-of-area child and thus could have presented with CP 
concerns at their local hospital. Ethical approvals were restricted to medical case note review 
at UHW and BRHC and so precluded six-month follow-up of children presenting from out-of-
area.  
In addition, categorizing cases as AHT or nAHT proved difficult in two cases. In Case 
11 there was a very concerning social history regarding the father, yet the medical evidence 
was inconclusive and the child was returned home to her mother by the local authority. On 
balance this case was categorized as nAHT. In Case 12, the Section 47 enquiry concluded that 
there was a high likelihood of AHT however the family court found that the child’s injuries 
were not “deliberate” but were the result of “inappropriate handling” and the child was 
returned home subject to a family assistance order. On balance this case was categorized as 
AHT.  
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Table 7.10 Flow of children through the child protection system 
Case 
Identifier and 
History 
Hospital 
safeguarding 
team contact  
Community 
Paediatrician 
involvement 
Social 
services 
referral 
Strategy 
meeting  
Section 47 
Investigation 
Family/Criminal 
Proceedings  
Study Outcome  
1: Crush 
injury  
Yes Yes  Yes No  No No nAHT  
Police visited the scene and 
accepted the history as 
plausible 
2: No history 
of trauma & 
subsequent 
admission of 
inflicted 
injury 
Yes Yes  Yes Yes  Yes Unknown AHT 
Police investigation ongoing 
3: Fall from 
window 
Yes No No  No No No Medical team and hospital 
safeguarding team concluded 
nAHT 
4: Fall from 
sofa 
No Yes  No  No No No Medical team and community 
paediatrician concluded nAHT 
5: Inflicted 
injury by 
sibling  
Yes Yes  Yes Yes No No nAHT 
head injury deemed 
accidental but written 
agreement in place regarding 
parental supervision 
6: Hit head 
on bed frame 
Yes Yes  Yes No No  No Medical team, safeguarding 
team, community 
paediatricians and social 
services concluded nAHT 
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7: No history 
of trauma 
Yes Yes  Yes PRUDIC 
meeting  
N/A  Family and criminal 
proceedings  
Family and criminal 
proceedings concluded AHT 
8: Fall onto 
gravel 
No    No No  No  No No Medical team concluded 
nAHT 
9: Fall from 
mother’s 
arms 
No  Yes  No  No No  No Medical team and community 
paediatrician concluded nAHT 
10: Fall from 
sofa 
No  No No  No No  No  Medical team concluded 
nAHT 
11: No 
history of 
trauma 
Yes Yes  Yes Yes No No Probable trauma however 
medical evidence 
inconclusive. Local authority 
returned the baby to 
mother's care 
Categorized as nAHT for 
study purposes 
12: Hit head 
on father’s 
chin 
Yes Yes  Yes Yes Yes Family proceedings  Section 47 investigation 
concluded a high probability 
of AHT. Family proceedings 
concluded the injury was not 
“deliberate” but resulted 
from “inappropriate 
handling” and returned child 
home under a family 
assistance order 
Categorized as AHT for study 
purposes 
13: No 
history of 
trauma 
Yes Yes  Yes Child death 
review  
N/A Criminal proceedings Criminal proceedings 
concluded AHT 
 
 
304 
 
14: No 
history of 
trauma 
Yes Yes  Yes Yes Unknown Unknown Strategy meeting concluded 
AHT 
15: Fall down 
stairs  
No  Yes  No  No No No Presumed nAHT by medical 
team and community 
paediatrician. Plan for health 
visistor to conduct a home 
safety check. 
16: Father 
dropped baby 
Yes Yes  Yes Yes  Yes No Social care had initial 
concerns. Police closed case 
after father admitted 
dropping the baby. Social 
care have done some work 
with father. Some neglect by 
Dad to not seek medical help 
after dropping the baby 
17: No 
history of 
trauma 
Yes Yes  Yes  Yes Yes Unknown Ongoing police investigation. 
Very high probability of AHT, 
most likely by a third person. 
No unsupervised contact, 
interim care order 
18: Fall from 
mother’s 
arms  
No  No No  No  No No Presumed nAHT by medical 
team 
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7.4.1.1.3 Clinician recruitment  
Of 120 clinicians invited to take part in the study, 87 clinicians (73%) participated 
(Figure 7.3). The demographics and characteristics of the participating clinicians are presented 
in Table 7.11. Data regarding the demographics and characteristics of non-responders and 
non-attendees were not collected. Nine clinicians were interviewed twice about different 
children, and one clinician participated in two interviews about the same child after more 
information was collected, resulting in a total of 97 interviews. The number of interviews 
conducted per case is detailed in Figure 7.4. The researcher conducted all 97 interviews. For 
47/97 interviews conducted, clinicians were approached and recruited on the ward and for 
50/97 interviews, clinicians were recruited after the researcher identified their involvement in 
the case from the child’s case notes and emailed them to arrange an appointment. In many 
instances, at the time of the interview, CP investigations had been completed and/or the child 
had been discharged home, and therefore PredAHT was tested in retrospect (see also section 
7.4.1.3, below). Consultants were often not available on the ward; many of the clinicians 
approached and interviewed on the ward shortly after case note review were nurses. Only one 
clinician who was approached on the ward declined to participate as they were too busy, 
suggesting that this method of recruitment is feasible.  
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Figure 7.3 Flowchart of clinicians participating in a feasibility study of the impact of the 
Predicting Abusive Head Trauma clinical prediction tool in clinical practice 
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Table 7.11 Demographics and characteristics of clinicians participating in a feasibility study of 
the impact of the Predicting Abusive Head Trauma clinical prediction tool in clinical practice 
Demographics / 
Characteristics 
Doctors  
(N = 48) 
Nurses 
(N = 39) 
n % n % 
Gender     
  Female 24 50 38 97.4 
  Male 24 50 1 2.6 
Age group     
  18–24 0 0       6 15.4 
  25–34 11 23 17 43.6 
  35–44 16 33.3 7 17.9 
  45–54       16 33.3 8 20.5 
  55–64  5     10.4 1 2.6 
Ethnicity     
  White  37 77.1 39 100 
  Mixed 3 6.2 0 0 
  Black or Black British 1 2.1 0 0 
  Asian or Asian British 7 14.6 0 0 
Years since graduation     
  <5 4 8.3 8 20.5 
  5–9 2 4.2 9 23.1 
  10–20 27 56.2 14 35.9 
  >20 15 31.3 8 20.5 
Site      
  Cardiff 26 54.2 15 38.5 
  Bristol 22 45.8 24 61.5 
Specialty     
  PICU 15 31.3 15 38.5 
  Community 9 18.7 2 5.1 
  General 11 22.9       11 28.2 
  Emergency 6 12.5 5 12.8 
  Neuro* 7 14.6 6 15.4 
 
*Neuro includes neurosurgery, neurology, neurosciences, and neuroradiology  
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Figure 7.4 Number of interviews conducted per case 
 
7.4.1.2 Objective 2: Explore how different probability predictions relate to clinicians’ child 
protection decision-making 
Clinicians reported that their probability thresholds for conducting further 
investigation were very low, which led some of them to question the relevance and usefulness 
of a percentage probability in predicting AHT.  
“If my risk was any greater than 5–10% in my head then I am duty bound to 
do more.” Clinician 53, Consultant, General paediatrics 
“Even if there is a 5% chance we have to investigate more anyway.” 
Clinician 5, Registrar, PICU 
“You could argue that if you have anything, if you’re suspicious more than 
nought per cent, you have to investigate. So even if you say there’s only a 
one per cent chance that this is non-accidental injury, you probably have to 
go with it don’t you? So I’m not sure how useful percentages are.” Clinician 
11, Consultant, Neuro 
For this reason, many clinicians said that they were unsure whether PredAHT would 
change their CP actions in practice.  
“I guess a lot of the ones I see I am just not sure it would change what I do. 
Because if you had any doubt, if you had any concerns, you would still go 
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down the whole route. So even if it came out and said the estimated 
probability of abusive head injury is 20%, that’s very low, but still that is 
20% you can’t ignore, so you would still act you know, so whether it would 
then change anything…it probably wouldn’t do you know what I mean?” 
Clinician 16, Trainee, General paediatrics 
“I’m not entirely sure how necessarily a number would change my practice 
because it’s more a process that we go through for almost every child 
rather than a ‘well if they’re between 50 and 90 we do this, and if they’re 
between 30 and 50 you do that’, because I think getting to that number is 
quite difficult.” Clinician 19, Nurse, higher grade, Neuro 
“Would it change what I did, clinically no, because even if it was a twenty 
per cent chance, I’d still be going through the investigations.” Clinician 56, 
Consultant, PICU 
“If I start out with somewhere around about 5% and it’s a likelihood ratio of 
six, and that bumps it up to the 30% range, fine. That’s going to make a 
difference. I don’t think that you’re going to see things come out that way. I 
think that people are going to be in the rough ball park or the numbers are 
going to be such that even if it’s massively multiplied then they’re already 
going to be doing something about it.” Clinician 28, Consultant, Emergency 
medicine 
Some clinicians remarked that in some cases they undertake additional safeguarding 
checks for reasons other than a suspicion of AHT. 
“Because of the mechanism of injury I wouldn’t have had a high suspicion 
for abuse anyway, however I wouldn’t change all the safeguarding stuff so 
all the extra checks and things because sometimes it’s not abuse, but, not 
bad parenting, but people just don’t think.” Clinician 24, Nurse, higher 
grade, Neuro, discussing Case 3 
Clinicians also had a low probability threshold for referring a child to social services. 
However, one stated that if PredAHT were to provide a specific recommendation to refer a 
child to social services over a certain probability threshold then they would always follow it. 
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“Any child who comes in with a significant injury who we don’t have a good 
background on, I think we would follow that through with social services 
and background checks, even for a child that perhaps you only had a ten 
percent gut instinct over, because if you have more than zero percent then 
you have a concern, so therefore it needs to be followed through and 
excluded.” Clinician 19, Nurse, higher grade, Neuro 
“What threshold do you need before you refer these…I would have to think 
carefully about what it would mean for me as an individual decision in 
terms of thresholds for referral and things like that, but I generally have a 
low threshold for things like this anyway.” Clinician 28, Consultant, 
Emergency medicine 
“I don’t know going above 30 per cent maybe, yeah if there is any doubt I 
would just ring [social services] without the scoring, and it wasn’t in this 
case, but as a number you always doubt it, you always question until it’s 
cleared. So I don’t know whether percentage scoring would 
determine…although I suppose if it was down on paper that someone said, 
you had to do it if it went above this then you would definitely do it 
wouldn’t you.” Clinician 79, Nurse, lower grade, General paediatrics, 
discussing case 18 
7.4.1.3 Objective 3: Test the feasibility of collecting the proposed outcome measures, 
including optimal time points for data collection 
The average time taken for the researcher to be notified of a case, extract the clinical 
data and interview the first clinician across the 18 included cases is displayed in Table 7.12.  
Table 7.12 Means and standard deviations of the time taken in hours to identify cases, 
complete a case note review, and conduct an interview with the first clinician, across the 18 
included cases 
Summary 
statistic 
Time taken for case 
identification following 
child’s hospital 
admission 
Time taken to complete 
case note review 
following case 
identification 
Time taken to interview 
first clinician following 
case note review 
Mean 51.25 hours 48.38 hours 12.83 hours 
SD 37.47 hours 52.62 hours 33.91 hours 
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Of the ten children admitted to BRHC, eight were admitted on the weekend or out-
of-hours, where cases were tracked the following working day. At UHW, 7/8 children were 
admitted on the weekend or out-of-hours. The earliest the researcher was notified of a child 
eligible for inclusion was 13 hours following their admission to hospital with an ICI identified 
on neuroimaging. At the beginning of the study, it was anticipated that the researcher would 
be notified of a case immediately following the child’s hospitalization, and would be able to 
extract the clinical data required for PredAHT promptly, and recruit and interview clinicians on 
the same day, possibly even at multiple subsequent points in the assessment pathway as new 
information was collected. However, it quickly became apparent that by the time the 
researcher had identified a patient, extracted the data and approached clinicians to take part, 
CP procedures had already been initiated, or the child had been discharged. Therefore the 
majority of interviews were conducted in retrospect. Clinicians suggested that the optimal 
time-point to assess the impact of PredAHT on their CP actions is as soon as possible following 
the child’s admission. 
“I think it is almost difficult when you’ve got to our stage of the process 
because we’re almost certain it is non-accidental injury and have gone 
down the whole route, whereas it would almost make more of a difference 
if you were to get people at the beginning of it. That would obviously be a 
much more difficult thing to do but if you could get people at the beginning 
of the process before they have, after they have literally just seen the CT or 
something. You almost need to assess this but without hindsight and 
without knowing what we know now, if that makes sense.” Clinician 16, 
Trainee doctor, General paediatrics 
“As we discuss this case now I have the benefit of a retrospective review on 
the case and I know a lot of things which at the time I may not have known. 
So I don’t feel that this tool has influenced my thought process or my 
decision-making. But again with a caveat that by now I already know what 
happened so I’m biased I’m not blinded to the outcome. I think this tool is 
much more applicable to the first point of diagnosis, the first point of 
contact, where the probabilities and the possibilities are being critically 
analysed and acted upon.” Clinician 66, Consultant, PICU 
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“I think it’s different to the people who are the first port of call I guess, you 
know who saw her first and whereas I was further down the line so 
everything child protection wise had already happened, I was just following 
protocol really.” Clinician 81, Nurse, Lower grade, General paediatrics 
“I can definitely see where it would work. I think our example, it is quite 
good but actually because everything was just done it's hard isn't it. If you 
had turned up and no one had suspected it then it is different if then you've 
got to raise the concern sort of thing.” Clinician 72, Nurse, Higher grade, 
General paediatrics 
Regarding data completeness, of 87 clinicians interviewed, two said that they were 
unable to estimate the probability of AHT, and reported that their role is to simply ensure that 
CP professionals are involved with the case. 
Researcher: So you don’t feel comfortable giving me a percentage? 
Clinician: Absolutely not 
Researcher: Is there any other way you would be able to express it, so do 
you think it is unlikely? 
Clinician: No I would never comment. My practice is by default, if there is 
an injury, especially an unusual injury, or a severe injury, a severe sort of 
clinical injury or a situation that is not explained, or uncommon or unusual, 
my default is to certainly get the social services involved, and the police and 
the child protection team. Clinician 2, Consultant, PICU 
A further two clinicians said that they were unable to provide a prior probability 
estimate of AHT based on the additional factors of the case. 
“All the families I see who have got a family history like this one, I’m seeing 
them because they’ve got abusive head trauma, so I can’t. Yet I know there 
are many families out there who have got the same problems, but they 
don’t end up bashing their children. So I don’t have that information in my 
head to be honest with you. The likelihood of non-accidental injury, with 
the history given and the presenting features was high…it was a high 
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percentage of the story, from the very off, not fitting the clinical findings, 
and that’s all I can say.” Clinician 64, Consultant, PICU, discussing Case 13 
Some clinicians reported that they were uncomfortable estimating percentage 
probabilities of AHT and reported that they don’t usually think in such terms, while others 
stated that they had no trouble doing so.  
“I don't put figures on it. We have to keep an open mind. I just wouldn't do 
that in clinical practice. You think in terms of risk and safety plans and what 
is good to do in practice and what the overall conclusion of your report 
would be but none of that is numeric really.” Clinician 42, Consultant, 
Community paediatrics 
“Although I quite like the way it brings up that, I don't use percentages in 
my report. Because I think it is quite subjective. I don't know, it feels quite 
subjective. it's not a way I tend to express myself I guess.” Clinician 32, 
Registrar, Community paediatrics 
“It’s just a different way of presenting what you think isn’t it.” Clinician 27, 
Nurse, General paediatrics 
Researcher: Did you find it difficult or uncomfortable trying to give 
probability estimates? 
Clinician: No because I’ve recently been involved in a case, I’ve looked at 
the evidence base, and the probability tools are helpful, you know, it 
supports when you’re thinking it is non-accidental injury. Clinician 8, 
Consultant, Community paediatrics 
While clinicians said that they could see the value of incorporating their own prior 
probabilities of AHT, they suggested that this aspect of PredAHT should be more standardised 
and evidence-based.  
“I think if we are going to do that it'd be good to make it a bit more 
meaningful rather than say come up with a number. To sort of give some 
examples of if you are worried about this and this then that might be equal 
to a certain number. So I think it needs a bit of training to go with it if we 
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are just going to pick numbers out of the air. Because we obviously all have 
a feeling and a hunch and we have some clinical information and we all 
compute that in our own way. But you don't think in percentages.” 
Clinician 42, Consultant, Community paediatrics 
“We have training and things that we look out for in the history and 
presentation when we look at children we suspect may have had a non-
accidental injury, so delay in presentation and consistent history. All these 
things are validated and are very useful when you are taking a history and 
assessing the child to see whether they have had a non-accidental injury. 
But I am not sure…we probably have in our heads something that we use 
but I don’t think it’s necessarily consistent between professionals and it 
feels a bit unscientific to just pick a number out of thin air.” Clinician 73, 
Consultant, General paediatrics 
Clinicians also said that they found it difficult to separate their prior probability 
estimates of AHT from their overall probability of AHT that involved consideration of the 
clinical features included in PredAHT.  
“If you're not taking any of the clinical factors into consideration, all you've 
got to go on is the social history and the explanation given for the injuries. 
But if you're not thinking about the injuries it's hard to think about the 
explanation that was given, if you see what I mean. I think it's easier to look 
at the whole thing altogether, rather than just trying to separate it out.” 
Clinician 76, Nurse, lower grade, PICU 
“To look at her you can’t not take into consideration the fact she is having 
seizures, like something is obvious. And the bruising so those things were 
indicative of some sort of head injury and suspicious.” Clinician 81, Nurse, 
lower grade, General paediatrics 
“What’s gonna happen is that people are gonna put those [clinical features] 
in anyway, in their prior”. Clinician 36, Consultant, Emergency medicine 
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“Even in my mind I am cautioning myself because there are co-dependant 
variables, you know the scoring system is using the same information as I 
already have.” Clinician 14, Consultant, PICU 
With regards to patient data, sometimes in the case notes it was unclear whether or 
not the child had suffered head/neck bruising, apnoea or seizures, as the presence or absence 
of these features was not always definitively documented, however since the study was 
prospective this could be clarified with clinicians on the wards. Seven children did not undergo 
investigations for rib fractures, 12 did not undergo investigations for long-bone fractures, and  
eight did not have an ophthalmology exam (see Table 7.3 and Table 7.7), emphasizing the 
value of PredAHT for calculating a probability of AHT when one or more clinical features are 
unknown.  
7.4.1.4 Objective 4: Assess the appropriateness of the proposed outcome measures 
As previously detailed, clinicians’ probability thresholds for performing further 
investigations and referring children with ICI to social services are low, implying that these 
outcome measures may not be relevant for use in a definitive impact study. In all cases where 
an ophthalmology examination and/or skeletal survey were ordered, the child was referred to 
social services at the same time, and therefore clinicians reported that if PredAHT was used 
later on in the CP process once investigations had been completed, it would be unlikely to 
influence their decisions to refer.  
“By the time you build all this in you might find that people are already at 
such a level that it wouldn’t change what they do and that’s really what 
you’re looking for is this kind of change of practice. So by the time you put 
in retinal haemorrhages people are going to say well this is almost certainly 
child protection.” Clinician 28, Consultant, Emergency medicine 
Although clinicians felt that PredAHT would be more useful earlier on in the 
assessment process, they stressed that it would still not change their clinical practice as their 
threshold for undertaking further investigations is so low.  
Clinician: At the time I had to take the decision to go down the child 
protection route, I would have had retinal haemorrhages unknown, rib 
fractures unknown, long-bone fractures unknown, bruising present, 
seizures absent, and apnoea absent, so I would have had to put unknown in 
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the first three, because I hadn’t had the information. So at that point it 
might make perhaps a difference, if you don’t have the information, it just 
makes the probability different. It makes it much more likely, because you 
don’t have it, so I was under-estimating it there then. That’s interesting to 
see that, the probability before you have the investigations, and I think you 
use quite a bit of judgment based on the family history, the circumstances, 
your own experience, there are so many factors that play in. So I would not 
have had estimated it as thirty per cent. So that’s interesting to see.  
Researcher: Do you think that would have been useful then or? 
Clinician: It would be interesting to see, but again it wouldn’t have changed 
things, I still would have gone down the route of child protection and done 
all of the investigations, because you can’t take the risk.  
In addition, clinicians’ highlighted the requirement and importance of a full social 
services and police investigation, even in many cases where the outcome turns out to be 
probable nAHT. Therefore, a “correct” referral to social services may not be an appropriate or 
meaningful outcome measure to assess in a definitive impact study. 
“With that history, that sounds plausible that it was inflicted in the way it 
was, so by being inflicted by a sibling I would say that was therefore 
accidental, but that still doesn’t take away from the fact that there’s a huge 
safeguarding issue there, but the only way we came to that was by going 
through the process to come to that conclusion.” Clinician 35, Consultant, 
Emergency medicine, discussing Case 5 
“What I would have liked to see, if all those [investigations] are negative, is 
to have a follow-up plan anyway so that the social care would have 
remained in contact with that family rather than just saying that's the end 
of it, we've excluded everything. So I think what we've identified both 
through this tool and for my outstanding risk is that you can't just say okay 
go home, it's all fine, you've got to have some sort of ongoing monitoring in 
place bearing in mind that we haven't totally excluded an abusive head 
injury having taken place. And it is a very young baby and the risks 
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remained there.” Clinician 42, Consultant, Community paediatrician, 
discussing Case 5 
Some clinicians felt that PredAHT should not influence clinical practice at all.  
“The only thing worrying about this to me is that what if there is nothing to 
put in there because it says bruising to the head and neck, what about a 
bruise on the chest? What if there is no fracture with a bruise on the chest, 
and then you have put none, none, none, and the probability comes as very 
low. And someone who is just depending on the tool says, ‘oh, that tool 
gave me a low probability, I will not contact anyone’. What then? So this 
shouldn’t change our practice, to be honest. It’s just a helping tool.” 
Clinician 33, Clinical fellow, General paediatrics 
Despite clinicians’ professed low probability thresholds for performing clinical 
investigations in children presenting with ICI, only 7/18 (38%) children in this study actually 
underwent a skeletal survey and only 10/18 (56%) had an ophthalmology review. A detailed 
analysis of the impact of PredAHT in each of the individual cases, presented below, revealed 
that PredAHT may prompt clinicians to consider an ophthalmology review, standardise the 
clinical investigation, encourage discussion and consultation between colleagues, and provide 
clinicians with confidence and reassurance in their judgments and decision-making, suggesting 
that these outcomes may be suitable to assess in a future impact study. 
7.4.1.5 Objective 5: Qualitatively explore clinicians’ experiences of using PredAHT in clinical 
practice 
Figure 7.5 and Figure 7.6 show clinicians’ prior, Time 1 and Time 2 probability 
estimates of AHT for each of the AHT cases and for each of the nAHT cases, respectively. The 
following analysis will focus on the impact of PredAHT on clinicians’ probability estimates of 
AHT and their CP actions, including the reasons why PredAHT did or did not influence their 
decision-making, and other factors influencing their decision-making, in each of the 18 cases. 
The six AHT cases will be discussed first, followed by the 12 nAHT cases. 
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Figure 7.5 Clinicians' prior, Time 1 and Time 2 probability estimates of AHT for each of the abusive head trauma cases 
 
Colours within each case represent different clinicians.  
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Figure 7.6 Clinicians' prior, Time 1 and Time 2 probability estimates of AHT for each of the non-abusive head trauma cases 
 
 
 
Colours within each case represent different clinicians. 
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7.4.1.5.1 Case 2: Admitted inflicted injury by parent, AHT 
 
All clinicians interviewed about Case 2 believed that the probability of AHT was very 
high and that AHT was the most likely diagnosis. Therefore, most clinicians did not alter their 
probability estimate of AHT, as their Time 1 estimates were already compatible with the 
PredAHT score (Figure 7.7.) Others were reluctant to estimate higher than 95% even after 
seeing the PredAHT score, as they could never be 100% certain that AHT had occurred. 
Clinicians reported that PredAHT did not influence their CP action in this case, due to the 
number and severity of the clinical features present in the child and their specificity for AHT, 
alongside a changing history and a subsequent admission of shaking. Despite this, some 
clinicians stated that PredAHT was useful to support their clinical judgment (Table 7.13). One 
community paediatrician had already calculated the predicted probability of AHT prior to the 
interview using the figures provided in the derivation study, and used this to support her 
opinion throughout the case. One safeguarding nurse thought that PredAHT would be more 
useful for those with less experience in CP.  
 
Figure 7.7 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 2 
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Table 7.13 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 2 
 
Clinician ID Designation Specialty  Quote 
7 Nurse Community 
Paediatrics 
“I don’t know whether [the PredAHT score] reassured me, and when you look at all the evidence, 
when a child presents with all those symptoms, it does give a high probability doesn't it of non-
accidental head injury. When I was new in role it probably would have been a really useful tool in 
terms of assisting me to understand the physiology and clinical symptoms, but to determine whether 
head injury is non-accidental or not, the more experience I have, I think my estimate is more accurate. 
So moving forward, I don't think it's such a useful tool but definitely, if I had somebody that was new 
in role I would be using this as a tool for predicting the potential of non-accidental head injury.” 
10 Doctor Neuro “It confirms, it’s an additional confirmation for me that it’s what I suspect. But you’re never 100% 
sure; you always have that 5% doubt what if I’m wrong. So if you have this tool to say look, you and I 
think it’s 100%, then you kind of get that confirmation thing. I’m thinking 95% when actually at the 
back of my mind it’s probably 100%. But I’m just keeping that 5% in case...so it helps as a support to 
my clinical judgment to say that I’m right. It helps with that.” 
12 Doctor PICU “To be honest with the history, and knowing what the physical findings were, that would have given 
me the diagnosis of abusive head trauma. That was my number one diagnosis and really there wasn’t 
much else to look for. Apart from the minor things which we trawl through looking for, metabolic 
diseases which we never find, but which I know occasionally will be found.” 
14  Doctor  PICU “It would be difficult for me to go higher than 95%, unless the child was absolutely covered in bruises. 
But certainly the fact that a tool came out with such a high score, I have used that as an additional 
piece of information, not pathognomonic in itself, but another thing that leans me towards this being 
non-accidental injury.” 
16 Doctor  PICU “He has so many features, I guess the more features you have, the more certain you are anyway, and 
the less this tool probably will change things.” 
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7.4.1.5.2 Case 7: No history of trauma, AHT 
 
Clinicians’ prior and Time 1 probabilities of AHT varied somewhat in Case 7 (Figure 
7.8). Clinicians who were heavily involved with the case reported that they found it extremely 
difficult and emotionally upsetting, as the child died. Two clinicians who knew the family said 
that they did not want to believe that AHT had occurred and were conflicted about making a 
definitive diagnosis of AHT. These clinicians had a high prior probability of AHT, lowered their 
probability at Time 1 and increased it again after seeing the PredAHT score. Indeed, all 
clinicians interviewed about Case 7 increased their probability of AHT after seeing the PredAHT 
score, with the exception of one clinician whose suspicion remained high throughout. One 
nurse reported that learning of the six clinical features included in PredAHT was useful for her 
future clinical practice (Table 7.14). The perpertrator was eventually convicted of murder in 
the criminal court. 
 
Figure 7.8 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 7 
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Table 7.14 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 7 
 
Clinician ID Designation Specialty  Quote 
15 Nurse PICU “I had so much involvement with them and because of her background and how she was brought into 
this family for a better life. Just, you know, I just don’t think they could have done it. That’s all. I’m 
very surprised at it and it’s a very emotional thing for me because I had her every night. The injury she 
had is inconsistent with a non-accidental injury, but from what I’ve noticed with the family and stuff, I 
was very surprised, I wouldn’t say that it was. But obviously the result is pretty much conclusive, 
saying that it’s pretty much conclusive. I don’t feel like it could have, but what she’s…all the things 
that she’s had done shows it’s in line with an abusive case isn’t it, so.” 
34 Nurse PICU “I’m going to read up on it and to be more aware of if these are the criteria’s here; the retinal 
haemorrhaging, the bruising, apnoea, and the seizures, then those six criteria would stick in my head 
for the future.” 
38 Doctor Community 
Paediatrics 
“I’m coming round to thinking it is more likely to be an abusive head trauma. I think it is quite difficult 
when you actually know the parents and know the people, and you get an explanation that may or 
may not be fairly plausible. I knew this anyway when I was doing it, I knew that tool was going to be 
really high it was going to be over 98%. And that is helpful, it’s reassuring but what this tool doesn’t 
look at is what the actual haemorrhages look like.” 
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7.4.1.5.3 Case 12: Hit head on father’s chin, AHT 
 
All clinicians interviewed regarding Case 12 thought that the child’s injuries were 
due to AHT. All estimated the probability of AHT to be high at Time 1, and two increased their 
probability estimates further after seeing the PredAHT score (Figure 7.9). Interestingly, all four 
clinicians stated that PredAHT provided them with additional confidence and reassurance that 
AHT was the most likely diagnosis, with nurses emphasizing that it helped them to remain 
objective and to put aside any personal biases they had. However, one doctor remarked that 
PredAHT would be unlikely to impact upon clinicians’ CP actions in the PICU as all children with 
head injuries undergo CP investigations due to the severity of their injuries (Table 7.15).  
 
Figure 7.9 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 12 
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Table 7.15 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 12 
 
Clinician ID Designation Specialty  Quote 
14 Doctor PICU “I like to have as many different sources of information as possible because that helps me complete a 
jigsaw. So the tool may be potentially useful but it would be unlikely to ever change anything about 
the management that we do up here, because the management is pretty much the same for any head 
injury.” 
61 Doctor Community 
Paediatrics 
“I think it gives more confidence because I know one of the paediatricians from the first hospital had 
written a report which had all the facts in it, but concluded in a rather woolly way that abusive head 
trauma needs to be considered further or something without giving any kind of probability value. So I 
think they were kind of holding back a little bit and being a little bit soft in giving an opinion, so having 
a tool like that lends added weight to my opinion that this was a high probability of abuse.” 
62 Nurse PICU “Certainly as a nurse you don't want to think ill of anyone, that somebody is capable of doing that. So 
it makes it more reflective. It makes you realise well actually, we need to go further with this, we need 
to investigate it, we need to ensure the siblings are safe.” 
63 Nurse PICU “I think that’s actually very useful because we are taught not to go to instincts in these cases, you tend 
to err on the side of not believing it’s a non-accidental injury whereas maybe you should really just 
completely believe it until you can rule it out. And that makes that quite obvious really.” 
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7.4.1.5.4 Case 13: No history of trauma, AHT  
 
All clinicians interviewed about Case 13 estimated a very high probability of AHT 
right from the beginning of the case and agreed with the high PredAHT score (Figure 7.10). 
This child died of their injuries shortly after presentation to the hospital and before any 
interviews were conducted. Clinicians stated that PredAHT would not have made a difference 
to their CP actions in this case, as the child’s injuries were so severe that it was clear that  
physical child abuse was the only plausible explanation. The perpetrator was subsequently 
found to have shaken the child and was convicted of manslaughter in the criminal court. 
However, clinicians thought that PredAHT may be useful in cases where the diagnosis of AHT is 
less clear-cut (Table 7.16). 
 
Figure 7.10 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 13 
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Table 7.16 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 13 
 
Clinician ID Designation Specialty  Quote 
64 Doctor PICU “As a screening tool, would it change my mind, it wouldn’t have changed my mind in this case, they 
were going to get the full NAI work-up, just from the first instant I took the phone call, they were 
going to scan, social services were going to be involved, etc., etc.” 
73 Doctor General 
paediatrics 
“I think in this case there was not much in the way of doubt in terms of the injury, there was nothing 
else really that would have fitted. As to whether it’s useful as a tool I think probably in this situation it 
wouldn’t have made any difference to anything we did to be honest we would have done exactly the 
same things. I don’t think it would have made any difference. But I guess I can see a role for it in the 
situation…in situations where it’s less clear cut so the ones where you are really not sure, that's 
probably where it would come in.” 
75 Doctor PICU “I think what is the use of this, in I mean a lot of it is about suspicion isn’t it and the clinicians just 
having an index of suspicion. The difficulty is getting that equipoise of not being suspicious of the 
entire world but not kind of missing a child who has been abused and who survives or there is other 
siblings and you leave them at risk. So if its purpose is to kind of highlight that and make receiving 
clinicians suspicious then I think it is potentially useful. If you work in a paediatric environment then 
that suspicion level is quite high.” 
86  Doctor Community 
paediatrics 
“I think in this case it was so clear cut that everything had been triggered before we had 
investigations. I am sure where this tool is most useful is the grey cases, this case as I said felt 
probably one of the most clear cut cases I have ever dealt with and just everything was concerning.” 
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7.4.1.5.5 Case 14: No history of trauma, AHT 
 
Again, for Case 14, clinicians estimated a very high probability of AHT throughout 
(Figure 7.11), due to the severity of the child’s injuries, and stated that PredAHT would not 
have been needed in this case. One nurse stated that it was not her responsibility to make 
decisions regarding CP, and therefore PredAHT would not have been useful for her. 
Conversely, the community paediatrician who was preparing a court report for the case at the 
time of the interview thought that PredAHT would be useful throughout the whole CP process, 
including when preparing for court. However, this clinician also suggested that the tool be 
refined to account for more specific patterns of the clinical features (Table 7.17). 
 
Figure 7.11 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 14 
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Table 7.17 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 14 
 
Clinician ID Designation Specialty  Quote 
67 Nurse PICU “I mean it is good to obviously check the tool and everything but I think this is one where the tool 
wouldn't be as useful or because it's such an extreme example of the cases that we do get. There kind 
of really isn't any other explanation of how she could have got the injuries.” 
76 Nurse PICU “From a nursing point of view I'm not sure whether it would be useful. We don't have decisions to 
make like that. It's not our responsibility to make a decision as to whether this is accidental or non-
accidental. Our responsibility is to treat the child and the family and be an advocate for the child and 
that doesn't change whether they've been non-accidentally or accidentally injured.” 
77 Doctor Community 
paediatrics 
“This is good for somebody working in the A&E. When they are assessing the patient, to get the 
community paediatric team to see the child. And even when preparing for court. When preparing for 
court you wait for all your results, you get everything, you go and look at the family history, you think 
of differentials, you get all the investigations, and at the end, these questions you are asking are the 
questions I’d want to ask myself, and my conclusions would be based on that.” 
 
“You can refine your parameters, putting posterior rib fractures, because that has a very high positive 
predictive value. And then a combination of the retinal haemorrhaging affecting whatever layers, 
posterior rib fractures, interhemispheric haemorrhage, posterior fossa haemorrhage, thin subdural, 
and what is the fourth one I always forget, multiple and of different ages, multiple subdurals of 
different ages. You need to talk about posterior rib fractures, multiple rib fractures, multiple retinal 
haemorrhages, retinal haemorrhages affecting all of the retina.” 
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7.4.1.5.6 Case 17: No history of trauma, AHT 
 
During interviews with clinicians regarding Case 17, it came to light that CP 
procedures had already been initiated at the referring hospital where the child first presented. 
All clinicians agreed with the high PredAHT score and one increased their probability from their 
Time 1 estimate (Figure 7.12), which they explained was initially lower as they had been wrong 
about AHT in the past. Clinicians believed that PredAHT would be useful to prompt an 
ophthalmology examination, but that it would be less useful in the PICU setting due to the 
severity of the injuries seen, and that it would be unlikely to change practice if used once 
clinical investigations had been completed (Table 7.18). 
 
Figure 7.12 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 17 
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Table 7.18 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 17 
 
Clinician ID Designation Specialty  Quote 
81 Nurse General 
paediatrics 
“It probably just confirms what I already think I suppose, there wasn’t really anything else I could have 
done.” 
82 Nurse PICU “I don’t really think it changes anything because retinal haemorrhages once they have done the scan 
is a massive indicator of it anyway so your suspicions are going to be high.” 
 
“We see the worst of the worst so generally when they come to us we are already thinking, oh yeah it 
is, it isn’t, but maybe for clinicians working on the general paediatric population then yeah it probably 
would be useful.” 
83 Nurse PICU “It's difficult to know when you'd want us to use it. Because my experience here is when they come in 
they like to stabilise them so a lot of these things, investigations are left for a few days. So it depends 
when that was going to be used. I think it would be most useful when you've had more investigations. 
Could you use this to get our practice to change though? It will encourage people to go and get the 
eyes looked at. There was big discussions between our consultants about when it should be done.”  
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7.4.1.5.7 Case 1: Crush injury, nAHT 
 
The majority (11/12) of clinicians interviewed about Case 1 believed the child’s 
injuries to be accidental, although their prior, Time 1 and Time 2 probabilities of AHT were 
highly variable (Table 7.19). This was primarily based on a perception that the injuries were 
consistent with the mechanism described by the care-giver. Other influential factors for 
clinicians included a lack of additional clinical features concerning for AHT, and a perception 
that the injuries were the result of neglect rather than physical abuse. Therefore, for most 
clinicians, the high PredAHT score did not influence their probability estimate of AHT (Figure 
7.13), or their CP action. However, after seeing the PredAHT score, one neurosurgeon reported 
that he was going to discuss the case with a CP colleague, while one clinician reported that he 
would check whether or not an ophthalmology examination had been performed.  
 
Figure 7.13 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 1 
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Table 7.19 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 1 
 
Clinician ID Designation Specialty  Quote 
1 Nurse PICU “I don’t think anything has changed to be honest, with the story that I had, I think I still need to err on 
the side of caution but it does sound plausible. You need to look at the story, does it fit the injury.” 
2 Doctor PICU “I did not actually request further investigations. But if there is one investigation I would want, I would 
want an ophthalmoscopy. I think when I do the ward round this afternoon I will actually check.” 
3 Doctor  PICU “If we had any information about the family, any previous incidents or whatever, we could say that 
our percentage would be much higher, but we don’t have any information like this, so we think it is 
unlikely still.” 
4 Doctor PICU “Abusive means an act of commission so if I am talking about an act of commission it is very low in 
that way, so it is a negligence, they didn’t put a protective mechanism in place, so the parents failed to 
do that, and it could happen to anyone.” 
5 Doctor PICU “Yes there’s a very bad injury on the head but as far as we knew on arrival there’s no other signs of 
injury like big bruises anywhere, so the probability is also based on that fact as well.” 
8 Doctor Community 
Paediatrics 
“I would do the same. The tool doesn’t take into account the history or the mechanism of injury given. 
The story tied together nicely in that it sounded plausible and therefore there wasn’t immediately any 
doubt as to the mechanism from the story given. So, the history is quite a significant part of it and 
plays a greater part in it than those clinical features do.” 
10 Doctor Neuro “So my next plan, my next action will be to discuss with a child protection colleague. When somebody 
says this is a tool for measuring the probability then you will always get swayed by it a little bit…if 
somebody comes up who is looking at it at a different view point, then your percentage that is in your 
head starts going up slowly.” 
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7.4.1.5.8 Case 3: Fall from window, nAHT 
 
The seven clinicians interviewed about Case 3 believed the child’s injuries to be 
accidental, and estimated the probability of AHT to be between 10%–40% (Figure 7.14). The 
PredAHT score was congruent with clinicians’ Time 1 probability estimates in 5/7 interviews. 
Upon seeing the PredAHT score, none of the clinicians changed their probability estimate of 
AHT, however one nurse reported that she would discuss with the medical team whether an 
ophthalmology review and skeletal survey was required. Clinicians discussed a range of factors 
that influenced their decisions, including experience of similar cases, a consistent history, 
interaction with the family, gut instinct, a lack of additional clinical features suggestive of AHT, 
and the perception that the injuries were consistent with the mechanism described by the 
care-giver (Table 7.20). Importantly, although all clinicians agreed that AHT was unlikely, all 
agreed that further investigation by the hospital safeguarding team was necessary to rule out 
AHT. 
 
Figure 7.14 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 3 
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Table 7.20 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 3 
 
Clinician ID Designation Specialty  Quote 
18 Nurse Neuro “We’ve seen a few of these injuries before; very similar, falling out of windows and it’s never been a 
case of abuse in this particular injury, it’s very specific falling out of a window. Also from observing the 
family and how they are around the child, those kind of things. From my gut instinct, it doesn’t feel 
like it’s something that’s been purposely done. With just the facts, it does look suspicious. I think it 
does look like it could be strange circumstances but I guess as a nurse and working with the family, we 
may see it in a different light.” 
19 Nurse Neuro “I think in this case we would have had a high suspicion of needing to exclude a safeguarding issue as 
being the cause of his injury.” 
26 Nurse  Neuro “So in this case and largely based on my previous experience of children having had injuries that have 
fallen from windows, most are caused by an accident and I guess you just have to have an open mind 
that they could be an abusive head trauma. So I think that would be where I would sit, between 20% 
and 10% to keep that open mind and to just investigate a bit further.”  
26 Nurse General 
Paediatrics 
“I will talk to the team and make sure that those other things happen because I’m quite surprised that 
they haven’t happened to date. I kind of thought with a head injury that was in any way open to 
suspicion which I guess most are unless there’s been a car accident or something very obvious, I 
would have thought that he would have had a skeletal survey at some point and I would have thought 
that he’d have an ophthalmology review at some point as well.”  
27 Nurse  General 
Paediatrics 
“So it was a good story, the story never changed, and there’s no other factors, like the rib fractures, or 
anything to suggest there was previous abuse or anything like that so, the injuries fit the story.”  
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7.4.1.5.9 Case 4: Fall from sofa, nAHT   
 
Three clinicians involved in Case 4 believed that the probability of AHT was low, in 
line with the PredAHT score (Figure 7.15). These clinicians’ prior probabilities were higher as 
the initial history taken did not include any detail about exactly how the child had fallen off the 
sofa, the surface of the floor on which the child had landed, or the child’s activity immediately 
prior to the fall.  
“There was a little bit of concern to 
begin with because if it had been a 
carpeted floor that is quite a 
significant injury, and in the initial 
notes it was a fall from a sofa without 
any further clarification. So myself and 
a medical colleague just clarified with 
mum exactly what happened and it 
turned out that he hadn’t just fallen 
off a sofa he had been running along 
the sofa at quite a speed and had hit 
his head on wooden flooring.” 
Clinician 22, Nurse, General 
paediatrics 
 
One neurosurgeon, who at the time of his interview was not aware of the additional detail 
regarding the history, explained that he assumed the child’s injuries were due to AHT until 
proven otherwise, and would not use PredAHT as further investigations had not been 
performed, and he did not have all of the information that he would need to come to a 
decision. All three nurses agreed with the low PredAHT score as they thought that the 
mechanism of injury fit with the expanded history, however two said that they would have 
asked their medical colleagues whether an ophthalmology review was required (Table 7.21).  
 
Figure 7.15 Clinicians' estimated prior, Time 1 and 
Time 2 probabilities of AHT, and the PredAHT 
predicted probabilities, for Case 4 
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Table 7.21 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 4 
Clinician ID Designation Specialty  Quote 
21 Nurse PICU “Looking at it, it is a good indicator and key facts to look at the risk of abuse, and yeah I suppose it 
could influence my percentage and analysis of something if I was to put the risk factors into a scale 
and it gave me a percentage yeah. I probably would have looked into the background and made sure 
I’d read all of the relevant indicators and what had been assessed before I made a prediction, 
probably.” 
22 Nurse General 
Paediatrics 
“I agree with [the PredAHT score] because the mechanism of injury fits with the expanded history, so 
once we had sat down and talked to mum about exactly how it had happened and the details became 
finer. I think the only thing looking at the tool is perhaps he should have had an ophthalmology 
review, or to clarify whether he had an ophthalmology review. Because that would have just put 
another thing to rest you know, it was a significant injury, it was an extradural and not a subdural but 
perhaps at least we should have contemplated why an ophthalmology review wasn’t requested. If he 
was still here I would probably query whether we should be thinking about it.” 
43 Doctor Neuro “The problem we find is that the histories aren’t very good, which is why we take the default position 
of just admit them, bung them all under Child Protection scenario, that’s my scenario, I’d much rather 
over-investigate than miss one. We have an incomplete history and therefore I have to assume it is 
abuse until proven otherwise. Because I can’t prove otherwise until I take the history myself or have a 
sensible history and get the investigations done, so you have to assume it is. I wouldn’t trust this tool 
at all. There’s no history and you haven’t got half the information. I’d chuck it out. I would not use that 
tool.”  
59 Nurse PICU “We usually do the retinal haemorrhage ones, but that’s for the little, for smaller babies, usually, but 
it doesn’t take long to have an X-ray, so we do usually do skeletal surveys, I mean it wouldn’t hurt to, I 
think everyone should just get a standard, if they’ve done everything else, why not do a quick X-ray 
and then you have a look in their eyes, I don’t see why that’s a problem. They should do it, really. The 
tool would be good to remind them that they haven’t had those done yet.” 
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7.4.1.5.10 Case 5: Inflicted injury by sibling, nAHT 
 
All clinicians in Case 5 were interviewed once a skeletal survey and ophthalmology 
examination had been conducted and a referral to social services had been made. Clinicians 
reported that they were heavily influenced by either the history or the behaviour of the 
parents in this case. Two clinicians estimated a low prior probability of AHT as they were 
satisfied with the appropriateness of the parents behaviour and the presentation of the baby 
(Figure 7.16). However, the majority of clinicians estimated a high prior probability of AHT, as 
they felt the initial history given did not fit with the purported mechanism of injury. As the 
case evolved and more information about the history and the mechanism of injury was 
gathered, clinicians’ probabilities of AHT decreased. One clinician was concerned that her 
“original” high prior probability of AHT was unduly influencing the PredAHT score, raising the 
question as to whether the prior could be adjusted as new background information comes to 
light. Exploring the tool, this clinician remarked that it would have been useful to complete 
before the skeletal survey and ophthalmology had been carried out. One clinician pointed out 
the value of negative investigation results for helping to bring down the probability of AHT 
(Table 7.22).  
 
Figure 7.16 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 5 
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Table 7.22 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 5 
 
Clinician ID Designation Specialty  Quote 
23 Nurse Emergency 
medicine 
“I believed her, I believe her, the babies’ behaviour was very normal for such a young baby and mum 
had done everything she was supposed to, the baby was acting normal. I was very happy with the 
presentation of the baby.”  
25 Nurse Neuro “It had been reviewed by a neuro-radiologist who had given their opinion about the, how feasible it 
was that the injury had been caused by the history that was given. I think a question had been 
because there were two lumps on the head, two areas of swelling, whether it was possible that the 
injury could have been caused, with the history, but they went on the scan itself rather than the 
visible injuries and he felt that it was possible that it was the history given.” 
35 Doctor Emergency 
medicine 
“I think it was all about the history, the history didn’t fit, mum was telling me this story, I was looking 
at this baby saying I can’t see how a baby could have two separate bruises in separate places, but 
supposedly from the same incident, I also couldn’t see how, particularly the one that was the more 
concerning one on the temporoparietal region how that could be so large and the baby just cry for a 
couple of seconds and then mum say that they were okay, and then when you then coupled that with 
actually getting the CT back and there’s a big fracture and a bleed. So actually the story now fits, so 
we’ve got a good reason why that child has now got that injury, there’s no other injuries that would 
indicate any other abuse or other trauma and that’s why having the negative skeletal survey and the 
negative ophthalmology is really helpful.” 
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7.4.1.5.11 Case 6: Hit head on bed frame, nAHT  
 
The child’s injuries in Case 6 were felt to be accidental by all three clinicians 
interviewed. Clinicians’ Time 1 estimated probabilities of AHT were low (Figure 7.17), and they 
reported that they agreed with the PredAHT score as it was similar to their own predicted 
probabilities of AHT (Table 7.23). One clinician was reassured by the relatively low PredAHT 
score (35%) but thought this number was high enough to raise concern and prompt the 
necessary further investigations. Clinicians stated that they were also reassured by the lack of 
additional clinical features concerning for AHT.  
 
Figure 7.17 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 6 
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Table 7.23 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 6 
 
Clinician ID Designation Specialty  Quote 
29 Nurse Neuro “I agree with the score, it is enough to raise alarms but shows you that probably it isn't, so the 
probability is lower for it being non-accidental, but will still raise alarms so that you do all of [the 
investigations].” 
30 Nurse General 
paediatrics 
“Just thinking about the kind of other warning signs you would see with an abuse case, there’s only 
the single injury that we know of so far so there’s not any signs of shaking so no retinal haemorrhages, 
and there’s no other bruises we have not seen any other bruises on any other parts and it’s just one 
injury instead of multiple, there’s nothing else to disprove their story.” 
31 Nurse Neuro “A little bit is gut instinct, plus the absence of any other clinical features, that’s why I would have 
thought about 20-25%. It seems to come up with the same thing that I’ve come out with.” 
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7.4.1.5.12 Case 8: Fall onto gravel, nAHT 
 
All three clinicians interviewed believed the child’s injuries in Case 8 to be 
accidental, and did not change their probability estimates of AHT throughout, although of note 
the clinicians’ interpretation of the percentage probability associated with a low risk of AHT 
varied (Figure 7.18). Although clinicians said that a delay in presentation was an initial concern, 
all were reasonably confident of the diagnosis of nAHT, despite the fact that a skeletal survey 
and ophthalmology examination were not performed. Clinicians mentioned a range of factors 
that influenced their decision, including the mechanism of injury, the pattern of ICI, gut 
instinct, their interaction with the family, the parent-child interaction, discussions with 
colleagues, the lack of any other signs of injury suspicious for AHT, and the lack of previous 
involvement with social services. One clinician estimated a very low probability of AHT at Time 
2 (2%) but still felt this level of risk was worringly high (Table 7.24).  
 
Figure 7.18 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 8 
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Table 7.24 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 8 
 
Clinician ID Designation Specialty  Quote 
36 Doctor Emergency 
medicine 
“There was a delayed presentation so I have to admit there is some risk with the discharge. But some 
of it is done on gut instinct and the fact that the family were incredibly appropriate and you know 
you’re prepared to take that but uh it does still feel an uncomfortable percentage risk. The fact that it 
was an extradural meant that it was more likely to be an impact trauma than a shake. Which also 
reassured me and I discussed that with neurosurgery.” 
54 Doctor Emergency 
medicine 
“The mechanism that they gave fitted and otherwise he was really well kempt, didn’t have any other 
bruising, didn’t have any other signs of injury that had been caused in a non-accidental way, and he 
was behaving appropriately with his parents and interactions between them were normal. The 
concerning things about his presentation was the fact that he had a skull fracture and there was the 
delay in presentation but in fact all the other bits of his history and his examination were reassuring.” 
55 Doctor General 
paediatrics 
“It doesn’t change that the devil’s in the detail, which is the circumstance, the way they presented, 
their interaction, their level of concern, their previous history, social care saying ‘He’s never been 
known to them’, the family set up, who’s in the house, the way that the parents are, doesn’t change 
any of the other factors, is the reason why.”  
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7.4.1.5.13 Case 9: Fall from mother’s arms, nAHT 
 
All clinicians interviewed about Case 9 thought that the likelihood of AHT was low, 
and they did not alter their probability estimates of AHT after using PredAHT (Figure 7.19). 
They reported that this was largely due to a consistent history provided by the parents and a 
perception that the mechanism of injury described was plausible. Two clinicians also reported 
that they deferred to a senior colleague on the matter, who had elected not to perform further 
investigations after taking a thorough history. Two higher grade doctors stated that PredAHT 
would not necessarily have encouraged them to recommend an ophthalmology review, while 
one trainee doctor reported that they would have asked for an ophthalmology examination 
and will ensure that this is ordered for future cases (Table 7.25). 
 
Figure 7.19 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 9 
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Table 7.25 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 9 
 
Clinician ID Designation Specialty  Quote 
45 Doctor  General 
paediatrics 
“I would probably have got the ophthalmologist to have a look in his eyes. Knowing that that's on the 
scale, probably I would have done that. I probably would put that as a standard ophthalmology, if 
you've got a fracture with a bleed, I would probably use that as a standard. Now I would push for the 
ophthalmology review just to make sure.”  
46 Doctor  General 
paediatrics 
“What I felt was that we needed to have done the works, that he should have had the entire works 
done. Irrespective of how plausible it seemed, I think the right procedure would have been to go 
down the child protection route. But if for a moment I thought look we were not acting in the best 
interests of this child or the family then I certainly would have escalated in respect of that. But given 
that this has been made, I was happy to defer in this instance. Because yes, irrespective of all the data 
that we have, sometimes you do have to use common sense. A senior consultant colleague has agreed 
to take the responsibility for those actions.”  
53 Doctor General 
paediatrics 
“I think I was totally aware here that I was making a decision based on what I heard and how I heard 
it, and what other people had heard. What I heard it was so consistent and it was so being relived. So I 
think I can see that and I think this was a really tricky one and it was a very, I suppose a consultant led 
decision because I'd taken that responsibility to a certain extent.”  
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7.4.1.5.14 Case 10: Fall from sofa, nAHT 
 
Only two interviews were conducted regarding Case 10, as the child was 
transferred to a specialist hospital shortly after their admission to BRHC. This child had 
undergone recent facial surgery, however following discussion with the research team they 
were included in the study as the ICI was felt to be acute. The two clinicians considered the 
recent surgery in their deliberations, in addition to the behaviour of the family. One thought 
the risk of AHT was low, while one nurse thought that she may have underestimated the risk of 
AHT due to her lack of experience with CP (Figure 7.20). Both felt that PredAHT may be useful 
to initiate safeguarding discussions with senior colleagues (Table 7.26).  
 
Figure 7.20 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 10 
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Table 7.26 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 10 
Clinician 
ID 
Designation Specialty  Quote 
44 Nurse Emergency 
medicine 
Researcher: If you had had that, would it have changed what you would have done? 
Clinician: Yeah it probably would have made me think a bit more. 
Researcher: Would you have discussed it with your line manager or child protection colleague? 
Clinician: I would probably talk to the consultant who was leading it and just check that she had thought 
about it and thought it through a bit more seriously, just to make sure that it had happened. 
Researcher: Is there anything else that you would have done differently?  
Clinician: No I wouldn’t have done anything differently with the family, and I wouldn’t have discussed with 
child protection because that’s what the doctors do. But I would have spoken to people to make sure that 
that was happening. 
Researcher: Okay, so can I just try and explore with you then what made you go up to 40%?  
Clinician: There probably was more of a risk than I realised…I’m maybe being a bit naïve. I haven’t had 
massive experience with child protection stuff so I generally probably would have been on the naïve 
side…and if that says it’s more likely… 
57 Doctor Emergency 
medicine 
“In this case we knew that she had an underlying vulnerability to head injury as a result of her recent skull 
surgery which meant that a small impact would by its nature be more likely to cause that kind of injury…the 
family were well known to the hospital and there hadn’t been any concerns. Reading through a few of the 
letters they have rung immediately and sought help and were very appropriately concerned in resus.” 
 
“My initial gut reaction is well I wouldn’t use it because it’s such a low probability in my own head that I don’t 
think I’m going to be wrong. Which is probably arrogant on my part. If it had been massively different so if it 
was 30% or 35% and I thought it was 5% I think it would, it would make me question my own judgment and 
think why did I form those opinions. And if I was doing it in live real time I would discuss it further up the 
chain with someone else and say what do you think?” 
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7.4.1.5.15 Case 11: No history of trauma, nAHT 
 
Clinicians reported that they found it very difficult to come to a decision regarding 
AHT in Case 11. Their probability estimates of AHT varied, and only two changed their 
probability estimate of AHT after seeing the PredAHT score, increasing it by 10% and 20%, 
respectively (Figure 7.21). Nevertheless, the majority thought that the probability of AHT at 
Time 1 and 2 was at least greater than 50%. Clinicians stated that they were conflicted due to a 
concerning social history coupled with an unusual and non-specific clinical presentation. 
Therefore, they said that the higher PredAHT score would not have altered their CP actions in 
this case, but may have been useful to support their decision-making (Table 7.27). 
 
Figure 7.21 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 11 
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Table 7.27 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 11 
Clinician 
ID 
Designation Specialty  Quote 
51 Doctor General 
paediatrics 
“I guess it might make me think more, yes. That's got good evidence behind it rather than me just kind of 
picking it up out of my head, I think yes it probably would, you know that's evidence definitely. I think 
anything that helps you assess how worried you should be will be useful, I think it would be more as a kind of 
backup tool for what decisions you are making rather than necessarily a frontline, you wouldn't make the 
decision based on this but this would help you to back up your decisions I think which is useful.” 
56 Doctor  PICU “For me, would it make any difference to my clinical practice, knowing that? No. I guess if you had someone 
who’s less experienced, then it might have an influence, but I’m not sure that that figure alone would drive 
me to manage the patient, or investigate them in a different way.” 
 
“Given the background and social history, I’m still going to say it’s fifty fifty, because it could be that the 
apnoea, the seizure and the intracranial bit is all part of something else that’s an underlying, something that’s 
developmental in her. So because the other bits don’t quite fit, if this was a shaking injury, you’d expect 
perhaps to see something else. Other than the seizure and the apnoea there’s not a lot to go on. So it makes 
it, it’s still there as one of the differentials, given the social background, it’s still a fairly strong differential, but 
beyond that I think I’d find it quite hard to be convinced I think, yeah I think it’s a really difficult one.” 
60 Nurse PICU “I think the tool is good, I think it’s a really cool idea, actually, but I wouldn’t like that to sway my mind, I 
would like to make up my own decisions on investigations, talking to different services that are involved with 
that child already, and going on results of the CT, the MRI. I like it, but, for me going from 50/50 to being now 
at 80 percent chance that there’s abuse, I wouldn’t do care differently, I don’t think a percentage would sway 
you either way I think it would be something that I would do but not rely on.” 
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7.4.1.5.16 Case 15: Fall down stairs, nAHT 
 
Clinicians’ prior, Time 1 and Time 2 probabilities of AHT in Case 15 varied from 
10%–50% (Figure 7.22). None of the clinicians altered their estimated probability of AHT after 
seeing the PredAHT score, likely because in three cases the PredAHT score was close to their 
own predicted probabilities. One clinician who thought the likelihood of AHT was very low 
(10%) said that she was satisfied that the proffered mechanism of injury was feasible and that 
the parent’s behavior was appropriate, however another clinician who estimated a 50% 
probability of AHT felt that the parent’s behavior was inappropriate, and said that he was on 
the fence regarding whether or not AHT had occurred. Two clinicians mentioned that PredAHT 
is useful for prompting further investigations, particularly an ophthalmology examination, both 
to assist in ruling in AHT if positive and ruling out AHT if negative (Table 7.28). 
 
Figure 7.22 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 15 
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Table 7.28 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 15 
Clinician 
ID 
Designation Specialty  Quote 
69 Nurse General 
paediatrics 
Clinician: If I hadn't thought about it, if I was going along and didn't have any idea that that this may be a 
non-accidental injury at all, and then I saw this tool, it may make me think a bit more and then ask the 
doctors has she been seen by ophthalmology, so that through this it may make the nurses suggest to the 
doctors something they may not have picked up on.  
Researcher: Do you think you might go and do that in this case? 
Clinician: Possibly, I'll certainly find out if they looked in her eyes for retinal haemorrhages. I don't feel I've 
got enough say on the case to be asking for a skeletal survey for fractures, to find out if those had been done, 
that would be their decision, not something that I would decide that needs doing. But I'll certainly ask about 
the other things. Have her eyes been checked and things like that yet. 
70 Nurse General 
paediatrics 
“The tool hasn't changed my reasoning, even if it's gone up 10%, because it is just a tool. I think having a tool 
probably wouldn't give you the best result, it's about behaviour and how they react that can tell you a bit 
more than a tool.” 
71 Doctor General 
paediatrics 
“I think the tool is useful in terms of flagging up things to ask for and things to be aware of. It's really good. I 
was looking at whether we have any child protection guidelines and red flags to mention. Even when to say 
that it is absent, you know what I mean, we don't suspect child protection issues because they didn't have 
long-bone fracture, didn't have rib fracture and that would be really useful as well. I think I would have asked 
about these factors. Absent this, absent that, or we haven't investigated that, if you suspect this, follow 
that.” 
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7.4.1.5.17 Case 16: Father dropped baby, nAHT 
 
Clinicians reported that they were heavily influenced by the history in Case 16. Of 
four clinicians interviewed, three thought that the child’s injuries were accidental while one 
felt that AHT was more likely than not. One clinician gave a very high probability of AHT as 
initially there was no history of trauma given whatsoever, however when a further history was 
obtained along with negative ophthalmology and skeletal survey results, their probability of 
AHT was reversed. However, one clinician still felt that the delay in proving an adequate 
history was suspicious for AHT. One clinician (ID 78) was interviewed once before the skeletal 
survey was conducted, and once afterwards, when the negative results were known. This 
clinician lowered their Time 1 probability in the second interview, and while PredAHT still did 
not influence their probability estimate (Figure 7.23), they said that it reassured them that the 
injury was most likely accidental. This clinician stated that she would only use PredAHT if all 
investigations were completed. Two clinicians thought that PredAHT would be more useful for 
those with less experience in CP (Table 7.29).  
 
Figure 7.23 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 16 
 
 
Clinician 78 is represented by the lime green line (before skeletal survey) and the dark green 
line (after skeletal survey).
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Table 7.29 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 16 
Clinician 
ID 
Designation Specialty  Quote 
25 Nurse Neuro “I do think there was suspicion around this head injury purely from the history. I think the score is really 
helpful I just think the history was the thing that muddied the water a little bit and raised my concern in this 
particular case, with this baby.” 
78 Nurse PICU “The facts are still the same so that has not influenced my opinion because you still don’t know what dad 
said, you still haven’t had the skeletal survey and I believe that those things need to be found out and then 
maybe then you can come back and look at this. So you would have to wait for all the information so that you 
could put definitely no rib fracture, definitely no long-bone fracture.” 
 
“There’s factors you can’t account for. But that’s life. You’re never going to be able to factor all of those 
things into a tool because otherwise it will be hundreds of questions long and you have to pick the most 
important ones don’t you, which you’ve done. The score reassures me. Probability is…everything is based on 
probability. You could run your whole life by probability. So yeah it is a good test.” 
85 Doctor Community 
paediatrics 
“I think the interesting thing of the tool is it really doesn’t link in with history and that was the key thing in 
this, it was because the absence of any history in a baby who couldn’t have had that injury without 
somebody caring for them and knowing how it happened was the main concern. So it wasn’t actually the 
injury itself as such it was the lack of an explanation for it. But it’s nice to see that it’s still above the 50 per 
cent that you have really got to think is this an abusive injury.”  
87 Doctor Neuro “It would be useful for the team, the registrars, I think if they are assessing the child, but for me personally, 
probably not based on the experience I’ve had but for a new consultant or junior doctor it would be great it 
sounds very good. You want the sensitivity to be as high as you can make it but it’s also got to be specific as 
well.” 
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7.4.1.5.18 Case 18: Fall from mother’s arms, nAHT 
 
Interviews regarding Case 18 were conducted after the child had been discharged 
home with presumed nAHT. At Time 1, all three clinicians estimated the probability of AHT to 
be 0%, however after seeing PredAHT, two accepted that there may have been a small level of 
risk for AHT and increased their estimates slightly (Figure 7.24). Clinicians felt that AHT was 
unlikely due to a consistent history, agreement between the medical team, and the behaviour 
of the parents, and two stated that PredAHT would not have influenced their CP actions in this 
case. One thought that PredAHT may help to raise suspicion of AHT with their colleagues 
(Table 7.30).  
 
Figure 7.24 Clinicians' estimated prior, Time 1 and Time 2 probabilities of AHT, and the 
PredAHT predicted probabilities, for Case 18 
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Table 7.30 Impact of PredAHT on clinicians' AHT probability estimates and child protection actions in Case 18 
Clinician 
ID 
Designation Specialty  Quote 
79 Nurse General 
paediatrics 
“It could be useful yeah, it gives you on paper what you are thinking in your head doesn’t it, because if you 
are thinking all this and then if the next shift comes on and doesn’t think the same as you, you have already 
done this and somebody may look at it and say, ‘oh right there are concerns then’, although we do hand 
over. Yeah for this type of patient yeah it could be used definitely.” 
80 Nurse General 
paediatrics 
“No I wouldn’t have done anything differently, there are no strong feelings that I think ‘oh something has 
been missed’, there isn’t anything I disagree with.” 
81 Doctor General 
paediatrics 
“I'm not going to change my mind because when I further interviewed the mother, she repeated the history 
and the way of the fall... sometimes when you hear the story you have to take a further detailed history. So 
it's like you can exclude or include something by taking a further history.” 
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7.4.1.6 Is a full-scale impact analysis of the Predicting Abusive Head Trauma clinical 
prediction tool warranted and feasible? 
Table 7.31 below sets out the problems identified within this feasibility study, and 
potential solutions to these problems. 
 
Table 7.31 Methodological issues identified and documented during the feasibility study 
Methodological 
issues 
Findings Evidence Possible solutions 
What factors 
influenced eligibility 
and what proportion 
of those approached 
were eligible?  
All patients with ICI 
meeting the inclusion 
criteria were eligible  
 
Clinician eligibility was 
compromised by  
refusal/non-response 
however the 
recruitment rate was 
encouraging 
18/18 (100%) of 
eligible patients 
were included 
 
87/120 (72.5%) of 
clinicians 
approached 
participated in the 
study 
Offer incentives 
for study 
participation or 
for the use of the 
CPR 
 
  
Was recruitment 
successful?  
Patient recruitment was 
successful at BRHC with 
two nurses dedicated to 
identifying children with 
ICI as part of their job 
role. This was less 
successful at UHW 
 
Clinician recruitment of 
72.5% was moderately 
successful 
 
Clinician recruitment 
from direct contact on 
the wards was more  
successful than 
recruitment via email 
 
However, a major issue 
was identified with the 
timing of recruitment. 
Clinicians were 
recruited some time 
after the case was 
admitted and clinical 
assessment was well 
underway 
Clinicians failed to 
notify the researcher 
of 3/8 eligible 
patients at UHW 
 
Only one clinician 
declined to 
participate after 
being approached on 
the ward, whilst 32 
who were 
approached by email 
did not respond or 
declined to 
participate 
 
Due to the timing of 
recruitment of 
clinicians, the 
majority of 
interviews were 
conducted in 
retrospect (see Table 
7.12) 
Increase level of 
study promotion  
 
Improve lines of 
communication 
between the 
researcher and 
the hospital 
departments with 
daily visits to the 
wards, including 
the weekend and 
out-of-hours 
 
Employ dedicated 
research nurses 
to recruit and 
interview 
clinicians as soon 
as possible after 
an eligible child is 
admitted  
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Did eligible 
participants 
consent?  
CAG approval was 
granted to allow 
enrolment of patients 
and the collection of 
their clinical data 
without consent from 
their parents or care-
givers (subject to strict 
case anonymization) 
 
All eligible clinicians 
consented 
All 87 eligible 
clinicians consented 
to take part 
None required 
Did participants 
adhere to the 
intervention?  
All clinicians calculated 
the PredAHT score, as 
this was part of the 
interview guided by the 
researcher 
 
Some could not 
estimate their own 
prior or Time 1 
probabilities of AHT 
In 93/97 interviews, 
clinicians provided 
full data on their 
probability estimates 
of AHT and 
next/retrospective 
CP actions 
Subsequent 
studies should 
ensure dedicated 
research nurses 
are involved to 
encourage the 
use of PredAHT as 
early as possible 
in the clinical 
assessment 
process 
Was the intervention 
acceptable to the 
participants? 
Yes, overall PredAHT 
was acceptable to 
clinicians 
Only two clinicians 
said they would not 
use PredAHT. Whilst 
some clinicians said 
that PredAHT would 
be unlikely to change 
their management, 
some found 
PredAHT useful to 
support their 
judgments and 
decision-making in 
spite of this (see 
analysis of individual 
cases) 
None required 
Were outcome 
assessments 
completed? 
Clinician outcome 
assessments were  
completed in 93/97 
interviews  
 
Patient outcomes 
regarding AHT vs. nAHT 
were satisfactory for 
16/18 patients, in two 
cases the outcome was 
difficult to assign from 
Two clinicians could 
not provide 
probability estimates 
of AHT, two could 
not provide prior 
probability estimates 
 
See table 7.10 for 
details of patient 
outcome 
assessments  
Choose different 
clinician outcome 
measures to 
assess i.e. 
standardisation of  
clinical 
investigation, 
increased clinician 
confidence in 
diagnosis 
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the available 
information 
Ensure longer 
time scale for 
patient follow-up, 
consider social 
services or health 
visitor 
involvement to 
obtain more 
detailed 
information 
regarding patient 
outcomes  
 
Consider need to 
follow up children 
presenting from 
out-of-area 
Were outcomes 
measured those that 
were the most 
appropriate 
outcomes? 
Outcome measures 
were not the most 
appropriate outcomes 
Clinicians’ 
probability 
thresholds for 
investigating and 
reporting AHT are 
low. Where PredAHT 
influenced clinicians’ 
probability estimates 
of AHT, these did not 
cross a threshold of 
suspicion required to 
initiate a change in 
CP action with 
regards to further 
investigation or 
social services 
referral 
Qualitative 
analysis 
suggested 
possible 
alternative 
outcome 
measures i.e. 
standardisation of 
clinical 
investigation, 
completion of 
ophthalmology 
examination, 
increased clinician 
confidence in 
diagnosis, 
improved 
communication 
between team 
members 
Were the logistics of 
running a 
multicentre trial 
assessed?  
Yes, greater resources 
would be needed for a 
definitive study  
One researcher 
extracted all clinical 
details and 
conducted all 
clinician interviews, 
interviews were 
difficult to 
coordinate in a 
timely manner at 
two sites  
 
The patient sample 
size (18) was low  
Larger study team 
required. Buy-in 
from clinicians 
would mean 
impact could be 
assessed in real-
time. Qualitative 
interviews could 
be limited to a 
cross-section of 
clinicians  
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A definitive study 
would require 
multiple centres 
due to low 
patient numbers, 
and a much 
longer study  
time-frame to 
maximise patient 
recruitment 
Did all components 
of the protocol work 
together?  
No, the components 
had weak synergy 
There were 
considerable 
difficulties identified 
in the various study 
processes and the 
researcher’s ability 
to implement them. 
For example the 
time taken to 
identify eligible 
patients had a 
cascade effect on 
the time taken to 
extract clinical data 
and recruit clinicians 
for interviews. This 
meant that PredAHT 
could not be tested 
at the beginning of 
the assessment 
process. In many 
cases the outcome 
regarding AHT/nAHT 
had been decided by 
the time of interview 
and thus interviews 
were conducted in 
retrospect. Outcome 
measures were not 
appropriate. 
Involve dedicated 
research nurses 
to ensure 
PredAHT is tested 
early in the 
assessment 
process 
 
Choose different 
outcome 
measures to 
assess 
 
7.4.2 Secondary outcomes 
7.4.2.1 Performance of the Predicting Abusive Head Trauma clinical prediction tool 
The performance of PredAHT in the feasibility study using a 50% probability cut-off is 
detailed in Table 7.32 and displayed in Figure 7.25. The performance of PredAHT incorporating 
clinicians’ prior probabilities is detailed in Table 7.33 and displayed in Figure 7.26. When 
 
 
360 
 
incorporating clinicians’ prior probabilities, the sensitivity of PredAHT remained unchanged at 
100%, while the specificity decreased from 83.3% to 74.6%.  
 
Table 7.32 Performance of the Predicting Abusive Head Trauma tool in the feasibility study 
Applying PredAHT 
50% cut-off 
Outcome 
AHT nAHT 
Higher risk  6 2 
Lower risk 0 10 
 Value 95% CI 
Sensitivity 100% 51.7%–100% 
Specificity  83.3% 50.9%–97.1% 
Positive predictive value 75% 35.6%–95.5% 
Negative predictive value 100% 65.5%–100% 
LR + 6 1.69–21.26 
LR − 0 0.00–0.48 
 
Table 7.33 Performance of the Predicting Abusive Head Trauma clinical prediction tool in the 
feasibility study, incorporating clinicians' estimated prior probabilities of abusive head 
trauma 
Applying PredAHT 
50% cut-off 
Outcome 
AHT nAHT 
Higher risk  33 24 
Lower risk 0 36 
 Value 95% CI 
Sensitivity 100% 87%–100% 
Specificity  74.6% 40.5%–95.6% 
Positive predictive value 60% 50%–75% 
Negative predictive value 100% 88%–100% 
LR + 3.94 1.68–22.73 
LR − 0 0.00–0.17 
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Figure 7.25 Predicted probability of abusive head trauma assigned by the Predicting Abusive Head Trauma clinical prediction tool for all 18 children 
with intracranial injury, by outcome and number of recorded features 
 
The circles represent the calculated probability of abusive head trauma for each of the 18 children with intracranial injury included in the study. The circle 
in the top right hand corner represents Case 1 (crush injury). The size of the circles shows how many of the six features are recorded as present or absent. 
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Figure 7.26 Predicted probability of abusive head trauma assigned by the Predicting Abusive Head Trauma tool when clinicians' estimated prior 
probabilities of abusive head trauma are incorporated 
 
The circles represent the probability of abusive head trauma calculated by the Predicting Abusive Head Trauma clinical prediction tool when incorporating  
clinicians’ estimated prior probabilities of abusive head trauma. The size of the circles shows how many of the six features are recorded as present or 
absent.The tool was less specific in predicting abusive head trauma when clinicians’ prior probabilities were included.
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7.4.2.2 Performance of clinicians   
The performance of clinicians in predicting AHT at Time 1 (before PredAHT) and Time 
2 (after PredAHT), using a 50% probability cut-off is detailed in Table 7.34 and Table 7.35 and 
depicted in Figure 7.27 and Figure 7.28. At Time 1, clinicians’ predicted probabilities of AHT 
were 100% sensitive. Clincians’ predictions were more specific than PredAHT, whether or not 
the PredAHT incorporated clinicians’ prior probabilities. At Time 2, the sensitivity and 
specificity of clinicians in predicting AHT remained largely unchanged. 
 
Table 7.34 Performance of clinicians in predicting abusive head trauma at Time 1 
Applying PredAHT 
50% cut-off 
Outcome 
AHT nAHT 
Higher risk  35 12 
Lower risk 0 48 
 Value 95% CI 
Sensitivity 100% 87.7%–100% 
Specificity  90.9% 71.7%–99.5% 
Positive predictive value 75% 60%–100% 
Negative predictive value 100% 90.8%–100% 
LR + 11 3.53–200 
LR − 0 0.00–0.12 
 
Table 7.35 Performance of clinicians in predicting abusive head trauma at Time 2 
Applying PredAHT 
50% cut-off 
Outcome 
AHT nAHT 
Higher risk  35 16 
Lower risk 0 44 
 Value 95% CI 
Sensitivity 100% 87.7%–100% 
Specificity  90.3% 66.5%–99.7% 
Positive predictive value 75% 60%–85.7% 
Negative predictive value 100% 90%–100% 
LR + 10.3 3–333 
LR − 0 0.00–0.13 
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Figure 7.27 Predicted probability of abusive head trauma assigned by clinicians at Time 1 
 
The circles represent the probability of abusive head trauma estimated by clinicians at Time 1, before seeing the Predicting Abusive Head Trauma clinical 
prediction tool score. The size of the circles shows how many of the six features are recorded as present or absent. Clinicians were more specific than the 
tool in predicting abusive head trauma. 
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Figure 7.28 Predicted probability of abusive head trauma assigned by clinicians at Time 2 
 
The circles represent the probability of abusive head trauma estimated by clinicians at Time 2, after seeing the Predicting Abusive Head Trauma clinical 
prediction tool score. The size of the circles shows how many of the six features are recorded as present or absent. The tool did not impact on clinicians’ 
sensitivity and specificity in predicting abusive head trauma.
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7.5 Discussion 
This chapter described a novel feasibility study of the evaluation of the impact of 
PredAHT in clinical practice. PredAHT is currently the only CPR designed to assist in the 
identification of AHT that can be used at multiple points in the assessment pathway. The aim 
of this study was to determine the feasibility of evaluating the impact of PredAHT in the clinical 
setting, by assessing the different components of the methods and procedures used to 
conduct the study, including the processes of patient identification and follow-up, clinician 
recruitment, and the collection, relevance, and appropriateness of the proposed outcome 
measures. Qualitative methods were used to explore in detail the impact of PredAHT on 
clinicians’ judgments and decision-making in individual children with ICI, and the additional 
factors influencing clinicians’ opinions and practice in each case. The ultimate objective was to 
decide whether a full-scale, definitive impact analysis of PredAHT is feasible and warranted at 
this time. 
7.5.1 Discussion of the main findings 
The findings from this feasibility study indicate that a full-scale impact study of 
PredAHT is not feasible as designed, and that a definitive impact analysis of PredAHT is not 
warranted at present. A number of methodological issues were identified and documented 
during the study, relating to patient identification and follow-up, clinician recruitment, and the 
appropriateness and relevance of the outcome measures assessed. The findings will be 
summarised based on a consideration of guiding questions derived from a synthesis of the 
research methods literature related to feasibility studies.985  
The first question to ask following a feasibility study, is “Can we recruit appropriate 
participants?”985 The 100% recruitment rate of eligible patients less than three years of age 
admitted to hospital with ICI showed that it is feasible to identify these patients using the 
methods and procedures employed. Patient identification at BRHC worked particularly well, 
suggesting that the use of dedicated paediatric major trauma nurses to identify patients is a 
feasible recruitment strategy for future studies. At UHW, although initially clinicians assisted 
with patient recruitment, they failed to notify the researcher of 3/8 eligible cases. There are a 
number of possible reasons for this. Firstly, it is possible that the admitting clinician or the 
clinicians responsible for the child’s care were unaware that the study was taking place. 
Although the researcher delivered several presentations about the study to the various 
departments and attended regular departmental safeguarding and multidisciplinary meetings 
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to promote the study as widely as possible and obtain clinician “buy-in”, it is likely that some 
staff members would not have been reached. Secondly, clinicians may have assumed that 
somebody else had already notified the researcher about the child. Thirdly, clinicians may have 
been aware of the study but unwilling to assist as there was no incentive to do so, or because 
they found the PredAHT CPR unacceptable. Possible solutions include improving lines of 
communication between the researcher and the hospital departments with daily visits to the 
wards, including the weekend and out-of-hours, and increasing the level of study promotion 
throughout the data collection period.  
The clinician recruitment rate of 72.5% was encouraging, and the researcher was able 
to recruit a range of clinicians from different specialties to provide their opinions on the 
likelihood of AHT and the utility and impact of PredAHT in each of the 18 cases. It was feasible 
and acceptable to recruit clinicians on the wards. However, a major issue was identified with 
the timing of recruitment of patients and clinicians. As the majority of the children were 
admitted to hospital at the weekend or out-of-hours, by the time the researcher was notified 
of a patient, had extracted their clinical data, and approached clinicians for an interview, CP 
procedures had already been initiated, or the child had been discharged. This meant that 
PredAHT could not be tested at the beginning of the assessment process, where clinicians felt 
it would be most useful. In many cases the outcome regarding AHT/nAHT had been decided by 
the time of the interview and thus interviews were conducted retrospectively. Nevertheless, it 
was felt to be important to try to obtain as many clinicians’ views on the potential impact of 
PredAHT in real life cases as possible. One possible solution would be to involve dedicated 
research nurses to be on hand seven days a week to recruit and interview clinicians as soon as 
possible after an eligible child is admitted, to ensure that PredAHT is tested early on in the 
clinical assessment process. 
A second question to ask is “How appropriate are the data collection procedures and 
outcome measures for the intended population and purpose of the study?”985 Selecting 
outcome measures for an intervention is notoriously difficult.995 Chosen outcome measures 
must align with the proposed mechanism of change reflected in an intervention.985 If 
inappropriate outcome measures are used in a definitive trial and the trial fails to show any 
beneficial effect of the intervention, it is possible that the outcome measures are insensitive to 
change or incongruent with the theoretical causal model of the intervention.985 Since PredAHT 
does not recommend specific actions based on its predicted probabilities, one objective of this 
feasibility study was to explore how different probability predictions related to clinicians’ CP 
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decision-making. Although it has been suggested that clinicians may be more likely to use a 
CPR if its outputs are actionable and presented as decision recommendations,315, 320 others 
have expressed concern that recommendations based on the categorization of patients into 
arbitrary risk groups may not be in their best interests, as it may be assumed that the risks are 
the same for all patients within each category.324, 733 Of note, the PediBIRN CPR described in 
Chapter 4 recommends a thorough work-up for abuse when one or more of four variables are 
present, yet the calculated probability of AHT corresponding to the individual predictors varies 
from 11% (skull fracture other than an isolated, unilateral, nondiastatic, linear, parietal skull 
fracture) to 66% (bilateral or interhemispheric SDH).705 PredAHT therefore provides patient-
specific probabilities of AHT along the full continuum of risk, as recommended in the 
literature.326 The threshold approach to decision-making theorises that a CPR that provides 
predicted probabilities of a condition conceivably acts to influence decision-making by moving 
a clinicians’ pre-test probability above or below their own personal test and treatment 
threshold probabilities.580, 585 Clinicians reported that their thresholds for investigating and 
referring AHT were very low and therefore many questioned the relevance of percentage 
probabilities for predicting AHT and doubted whether PredAHT would change their practice. In 
cases where PredAHT did influence clinicians’ probability estimates of AHT, their CP actions in 
terms of further investigation and referral to social services nevertheless remained the same, 
suggesting that PredAHT did not encourage movement of their probabilities of AHT above or 
below a threshold of suspicion required to initiate a change in CP action. This suggests that it 
may not be appropriate or relevant to measure whether PredAHT influences clinicians 
decisions to undertake further investigations or refer a child to social services. However, in 
8/18 cases, ophthalmology examinations were not performed, and in 9/18 cases a skeletal 
survey was not undertaken. Qualitative analysis of the impact of PredAHT in each of the 
individual cases suggested that the calculated probability may prompt clinicians to consider an 
ophthalmology examination, standardise the clinical investigation, encourage discussion and 
consultation between colleagues, and provide clinicians with confidence and reassurance in 
their judgments and decision-making, suggesting that these more nuanced outcomes may be 
suitable to assess in a future impact study.  
Regarding patient outcome measures, longer follow-up times and links with social 
services or health visitors would be required to obtain more detailed information about the 
likelihood of AHT and to track the flow of children through the CP system. Two cases 
highlighted the difficulty of coming to conclusions in suspected AHT cases. In one (Case 12) 
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there was a clear mis-match between the opinion of the medical and social care teams and the 
family court decision, while in another (Case 11), the multidisciplinary team concluded that the 
medical evidence was inconclusive and that the child had suffered probable trauma but 
returned the child home based on the consideration that they were safe from the potential 
perpetrator. One finding of this study was that many children were admitted from out-of-area, 
and had initially presented to their local regional hospital. This highlights the value of including 
the hospital CP team in a definitive study, to liaise with local CP teams, and has implications for 
future applications for ethical approvals.  
An important consideration following a feasibility study relates to the logistics of 
carrying out the study and an evaluation of the resources that would be required to conduct a 
definitive study.985 There were several challenges involved in carrying out a multisite study as 
part of a PhD project. Two neighbouring regional study sites were chosen due to the low 
population prevalence of AHT, and the researcher reviewed the case notes and conducted all 
interviews at both sites. One advantage of this was the standardisation of the interviews and 
data collected, however it was difficult to coordinate clinician interviews in a timely manner 
when there were children admitted with ICI at both sites at the same time. The interviews 
conducted with clinicians generated an unprecedented amount of qualitative data. Whilst this 
was undoubtedly a positive outcome for the feasibility study, a future trial could reasonably 
limit in-depth qualitative interviews to a cross-section of clinicians and to a narrower focus. 
Alternatively, focus groups could be conducted with small groups of clinicians; this method 
was shown to be valuable in assessing clinicians’ experiences of using the Burns Risk 
assessment for Neglect or abuse Tool in clinical practice.996 Due to the low sample size of 18 
cases of children with ICI collected at two sites over a five month period, it was clear from this 
study that a definitive impact study of PredAHT would need to be conducted in many more 
sites and over a much longer time-frame to maximise patient numbers. 
Several other important findings emerged from the qualitative analysis of the 
individual cases. Echoing the findings reported in Chapters 5 and 6, it was apparent that 
clinicians use a wide range of factors in their decision-making in cases of suspected AHT and 
that each case presents its own individual challenges and nuances. Sadly, all six children with 
AHT presented with multiple severe injuries and two died. In these cases, it was evident that 
AHT had occurred and the PredAHT probability calculation would not have changed clinicians’ 
CP actions. However, it did help to reassure clinicians who were conflicted about the diagnosis 
that AHT was the most likely cause of the child’s injuries. Other clinicians interviewed about 
these children speculated that PredAHT may be more useful in less clear-cut cases. One 
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unexpected finding was the potential utility of PredAHT as an educational and empowerment 
tool for nurses. Many of whom suggested that PredAHT prompted them to review the clinical 
indicators of AHT, and would empower them to strike up conversations with doctors, to raise 
suspicion of AHT and check whether further investigations are required. Recruitment of nurses 
on the wards was straightforward, suggesting it would be feasible and valuable to include 
them in any future validation or impact studies of PredAHT. 
Analysis of secondary outcomes revealed that PredAHT was 100% sensitive and 83% 
specific in predicting AHT in this population when applying a 50% probability cut-off. Two nAHT 
cases were predicted as AHT. The predicted probability of Case 1 (nAHT) was 97.2%. This child 
had sustained a confirmed accidental crush injury and presented with apnoea, seizures and 
head/neck bruising. The child was too ill to undergo an ophthalmology exam or skeletal survey 
and thus information regarding RH and long-bone fractures remained unknown. Due to the 
severity of this child’s injuries and potential safeguarding concerns around the circumstances 
of the injury, further investigation was required to rule out AHT. The predicted probability of 
Case 11 (nAHT) was 58.5%. This child presented with an unexplained cortical laceration, blood 
in their nose and mouth, apnoea, and seizures, and was classed as a high risk child who had 
previous involvement with social services and a concerning social history. Further 
investigations found no fractures or RHs. The medical evidence in this case remained 
inconclusive for AHT, however following a review of additional factors the case warranted a 
referral to police and social services which was arguably consistent with the PredAHT 
probability of 58.5% . These two cases highlight the importance of interpreting PredAHT 
probabilities in the context of all other available information. In both cases the PredAHT 
probability exceeded a 50% threshold, which was consistent with the decision to undertake  
further CP investigations. 
When incorporating clinicians’ prior probabilities, the sensitivity of PredAHT in the 18 
cases remained unchanged at 100%, while the specificity decreased from 83.3% to 74.6%. This 
finding, coupled with the finding that clinicians found it difficult to separate their prior 
probability estimates of AHT from the clinical features included in PredAHT, suggests that the 
incorporation of clinicians’ estimated prior probabilities into the PredAHT calculation may not 
be warranted, at least not without further training on and/or standardisation of this feature of 
the tool. However, the sliding scale feature may still be useful if the prevalence of AHT in a 
particular setting is known and differs substantially from the PredAHT baseline prior of 34%.  
Secondary analysis revealed that clinicians’ predicted probabilities of AHT were 100% 
sensitive, and were more specific than PredAHT at both Time 1 (90.9%) and Time 2 (90.3%). 
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Critics have argued that it cannot be assumed that a CPR will be more accurate than clinician 
judgment and that therefore it is imperative to test a CPR against unaided clinical judgment as 
early as possible in the process of its development.648, 680, 997 If it can be demonstrated that a 
CPRs predictions are more accurate than clinical judgment, clinicians may be more likely to use 
it.299 Although earlier studies demonstrated that statistical and mechanical prediction methods 
consistently outperformed clinical prediction,619, 637-639 a recent survey and a recent 
systematic review found that CPRs are rarely compared with subjective clinical judgment, and 
when a comparison is conducted, CPRs seldom outperform clinicians’ unaided judgments.643, 
998 Traditionally it has been argued that a CPR that simply replicates but does not improve on 
clinical judgment has little added value.648, 680, 997 In addition, many barriers to the use of CPRs 
can be explained by Diffusion of Innovations theory, which suggests that the adoption of 
innovations in healthcare is determined by features of the innovation itself, the adopters, and 
the wider context.320, 999 One construct of the Diffusion of Innovations model is “relative 
advantage”, which posits that innovations will only be adopted if they are perceived as more 
effective than the current way of working.999  
A recent study found that CPRs are perceived to be of most value when they can be 
used to guide appropriate treatment and have an unambiguous advantage over usual ways or 
working, and that many clinicians believed that their unaided judgment was superior to CPRs 
in predicting patient outcomes.320 However, this same study found that the use and potential 
advantages of a CPR may be much more complex than originally thought, and that they may be 
useful for purposes not previously reported, such as enhancing communication with colleagues 
and patients, and for medico-legal purposes.320 These findings are consistent with the findings 
of this feasibility study, which demonstrated that clinicians proposed that PredAHT would be 
useful for encouraging communication with colleagues, standardising the clinical investigation 
of suspected AHT, and providing them with greater confidence and reassurance in their 
judgments and decision-making. Although clinicians’ predictions of AHT were highly sensitive 
and specific in this study, this may have been because the multidisciplinary team decision 
regarding AHT had already been decided in some cases and thus the clinicians being 
interviewed had the benefit of hindsight when providing their predicted probabilities of AHT. 
One could argue that a tool that is consistent with clinicians’ predictions and provides them 
with additional confidence in their decision-making may be of great value in a field as 
challenging and contentious as CP.  
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7.5.2 Comparison with the existing literature 
This study has confirmed the association of seizures, apnoea and RHs with AHT, 
although caution should be taken when interpreting the odds ratios for the individual features 
due to the small sample size. Rib and long-bone fractures were more associated with AHT than 
nAHT, however these associations did not reach statistical significance, perhaps due to the 
amount of missing data for these features. Head/neck bruising was more associated with nAHT 
than AHT but again not significantly so. Interestingly, in five nAHT cases (3, 8, 9, 5, 18), the 
children presented with head/neck bruising, a history of an impact to the head, and a skull 
fracture with an underlying haemorrhage. None of these children had apnoea or seizures, and 
none underwent a skeletal survey or ophthalmology examination. As described in Chapter 1, 
this pattern of injury has been consistently associated with nAHT,356 and the injury pattern was 
a contributing factor in clinicians’ decisions not to perform further investigations. When 
PredAHT is used with the baseline prior probability of 34%, the predicted probability of AHT for 
this combination of features is 44.2% and thus arguably may encourage clinicians to 
investigate further, however, due to the small likelihood ratio, the PredAHT predicted 
probability for this combination of features will always be very similar to, and dependent on, a 
clinicians’ estimated prior probability (see, for example, Figure 7.18). Clinicians’ Time 1 and 
Time 2 probabilities were generally low in these cases, however in three of the cases (3, 9, 15), 
at least one clinician was concerned that the child had not had an ophthalmology examination.  
These findings suggest that PredAHT could potentially be refined to account for 
specific patterns of ICI, as recommended by clinicians in the current study and in the 
qualitative study reported in Chapter 5. Of note, specific patterns of head injury have been 
found to affect the performance of the PediBIRN CPR. As previously observed, PediBIRN 
recommends a thorough work-up for AHT for all children presenting to the PICU with a “skull 
fracture other than an isolated, unilateral, nondiastatic, linear, parietal skull fracture”, and the 
PediBIRN predicted probability of AHT corresponding to this feature is 11%. In the external 
validation study of PediBIRN in an Australian/New Zealand population, this variable was 
statistically significantly more common in nAHT cases than AHT cases, and led to false-positive 
results in 41/94 nAHT cases. When the variable was excluded from the analysis, the specificity 
of the CPR increased from 43% to 86% in patients admitted to any hospital ward.  
To the best of the researcher’s knowledge, the current study is the only feasibility 
study that has been conducted to evaluate whether it is possible to assess the impact of a CPR 
to identify AHT in clinical practice. A full-scale stratified cluster randomized implementation 
trial of the PediBIRN CPR for AHT is currently being conducted at eight PICU sites in the US, to 
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assess the CPR’s impact on AHT screening accuracy (www.pedibirn.com). The aim of this trial is 
to compare AHT screening guided by the CPR to AHT screening as usual, and it is hypothesised 
that application of the CPR will increase AHT detection by encouraging abuse evaluation 
(skeletal survey’s and retinal exams) of high risk patients, and will reduce unnecessary abuse 
evaluations of patients with nAHT. As far as the researcher is aware, the investigators did not 
conduct a feasibility or pilot study prior to commencing this trial.  
7.5.3 Strengths and limitations 
A strength of this study includes the scope of the cases ascertained with regards to 
injury severity, patterns of clinical presentation, and likelihood of AHT, although it is 
acknowledged that all six children who were deemed to have suffered AHT were admitted to 
the PICU with severe injuries and symptoms. Another strength is the number of clinicians 
recruited, and the range of opinions obtained on the likelihood of AHT and the utility and 
impact of PredAHT in each of the 18 cases. A variety of clinicians working in different 
paediatric specialties, with different levels of CP experience and seniority were interviewed 
regarding each case. The study generated a wealth of rich, detailed qualitative data on the 
impact of PredAHT on clinicians’ judgments and decision-making in each case, as well as the 
range of different factors influencing their judgments and decision-making. 
The main limitation of this study was the timing of the recruitment, which has been 
discussed in detail above. Although clinicians stated that PredAHT may be valuable for 
increasing confidence or standardising the clinical investigation, due to the retrospective 
nature of many of the interviews it was not possible to assess the actual impact of PredAHT on 
these outcomes in this study. Similarly, although some clinicians said they were going to take 
specific actions after seeing the PredAHT score, for example check whether an ophthalmology 
exam had been performed or discuss the case with CP paediatricians or medical colleagues, it 
is unknown whether clinicians actually took these actions as this was not followed up.  
In addition, during the study set-up and promotion, the researcher gave a number of 
presentations about PredAHT at departmental meetings and informed clinicians that they 
would be approached by the researcher to take part in an interview about PredAHT if they had 
been involved in the care and admission of a child with ICI. However, clinicians did not have 
access to PredAHT prior to the interview, which was sometimes conducted days after the 
child’s admission. While this controlled approach ensured that PredAHT was tested with a 
number of clinicians, in reality, clinicians would have access to the tool as part of an 
implementation trial in order that they could complete it without a researcher having to be 
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present. The PediBIRN implementation trial requires clinicians to complete a series of lengthy 
and detailed forms specifying their estimate of the percentage probability of AHT, details of 
the predictor variables present in the child, the result of the CPR (high vs. low risk for AHT), 
and any plans to conduct an abuse evaluation of the patient (see www.pedibirn.com). This 
approach would clearly require a significant degree of “buy-in” from clinicians prior to study 
commencement. It is unclear whether this approach is feasible and acceptable to clinicians as 
a feasibility study of the impact of PediBIRN was not conducted, although the published 
progress report on the trial website shows a high percentage of complete data for eligible 
patients. Nevertheless, the approach taken in the current study has demonstrated that it 
would be beneficial to involve a dedicated research nurse to encourage clinicians to use the 
tool, as has been shown in previous studies.301   
Finally, although clinicians’ probability thresholds for investigation and referral were 
explored in the qualitative interviews, on reflection a standardised approach may have been 
beneficial for understanding the level of certainty that clinicians’ ascribe to different 
percentage probabilities, and the CP actions they would take based on different probabilities, 
as has been investigated in other studies.490, 529, 530, 532 Similarly, while clinicians’ perceptions 
of the value of incorporating their prior probabilities of AHT into PredAHT were explored to 
some extent, it would be useful to explicitly explore clinicians’ use and understanding of 
likelihood ratios and Bayesian/probabilistic reasoning in greater detail in future studies, in 
order to fully investigate the implications of the application of prior probabilities in the context 
of decision-making in suspected AHT cases.  
7.5.4 Implications for research and practice  
Taken together, the results of this feasibility study suggest that in order to assess the 
impact of PredAHT in clinical practice, a cluster RCT would be required in multiple sites with an 
extended time scale, and, crucially, dedicated research nurses would be required 24/7 in order 
to identify cases in a timely manner and encourage clinicians to use PredAHT as early as 
possible in the assessment process. This strategy could be employed alongside other active, 
multifaceted implementation strategies in order to promote acceptance and increase uptake 
of PredAHT. In addition, the findings demonstrate that different outcome measures than those 
tested in the current study are warranted for a definitive trial. Research questions that could 
be considered for a future study are “Does the use of PredAHT improve clinicians’ level of 
confidence in their diagnostic decision?” or “Does PredAHT improve the extent to which 
children less than three years old hospitalised with ICI are fully investigated for AHT?” 
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However, a full-scale trial would need to be informed by further feasibility and pilot testing 
before it could be considered viable. The results are further considered below within the 
context of the PICO format (Population, Intervention, Control, Outcome).  
Population. This study showed that recruitment of children with ICI and recruitment of 
clinicians involved in the admission and care of the children is feasible, however there was an 
issue with the timing of recruitment. In addition, case numbers were low across the two sites. 
Thus, a definitive study would require multiple sites over a longer study period. A two-pronged 
data collection strategy could be utilised involving detailed study proformas as used in the 
PediBIRN trial, alongside dedicated research nurses to encourage proforma completion and 
collect additional in-depth qualitative data from a cross-section of clinicians regarding their 
experiences of using the tool in clinical practice. Alternatively, PredAHT could be integrated 
into the electronic health record to facilitate point-of-care decision support; this has been 
shown to be a promising and effective approach in previous studies.777, 1000  
Intervention. The PredAHT Shiny app could be used on ward computers or clinicians’ 
mobile phones to facilitate calculation of the probability of AHT at the bedside. Possible 
implementation strategies to encourage acceptance and use of PredAHT include clinician 
training, onsite visits, site-specific feedback, information sharing sessions, reminder emails, 
and research nurse support. 
 Control. Control sites would include sites with a similar population size and 
demographics to the intervention sites, but employing care-as-usual, without the use of  
PredAHT.  
 Outcome. This feasibility study has suggested that appropriate and relevant outcome 
measures may include increased clinician confidence in their diagnosis of AHT/nAHT, and 
standardisation of the clinical investigation of children with ICI where AHT may be suspected. 
Outcomes assessed could include quantitative measures of clinician confidence in their 
diagnosis and quantitative measures of clinical investigations undertaken in control and 
intervention sites. Process outcomes to test the feasibility of the study procedures could be 
measured with descriptive and qualitative data.   
7.6 Conclusions 
This chapter reported a novel, multisite feasibility study of the evaluation of PredAHT in 
clinical practice. This study demonstrated that a full-scale impact study of PredAHT is not 
feasible as designed and that a definitive impact analysis of PredAHT is not warranted at 
present. However, the feasibility study has been instrumental in informing the re-design of a 
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possible definitive trial. Further feasibility and pilot work is recommended prior to a full-scale 
impact analysis of PredAHT in clinical practice.   
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8 General discussion  
8.1 Chapter overview 
This chapter reiterates the gaps in the evidence-base addressed by this thesis, 
summarises the main findings, highlights the novel contributions of this research to the field, 
and discusses the findings in relation to theory. The strengths and limitations of the 
frameworks used to guide the development and evaluation of PredAHT and the planning and 
design of the empirical studies presented in this thesis are discussed, and the benefits and 
challenges of the mixed-methods approach are highlighted. Finally, the implications for future 
research and practice are presented. Detailed discussions of the development of PredAHT and 
the empirical studies undertaken have been provided in each of the individual chapters, 
including comparison with the extant literature and consideration of the strengths and 
limitations of the study designs and methodological approaches employed.  
8.2 Gaps in the evidence-base addressed by this thesis  
A general literature review reported in the introductory chapter highlighted that AHT is 
a serious and potentially incapacitating or fatal condition with a complex clinical picture, and 
that it may go unrecognized in the clinical setting. The rarity of AHT in a given population 
means that clinicians likely encounter a limited number of cases in their practice. Doubt sowed 
around the validity of the diagnosis of AHT in the media, the courts and the medical literature 
has impacted upon clinicians’ confidence to provide a firm opinion regarding the likelihood of 
AHT in both the clinical and legal setting.479 Meanwhile, biomechanical, epidemiological and 
pathophysiological studies have helped to elucidate that AHT and nAHT result in divergent 
injury patterns; the review thus implied that constellations of clinical findings may be 
predictive of AHT.12, 30, 68, 119, 356 Taken together, these findings suggest that evidence-based 
CPRs that are based upon clinical findings, such as PredAHT, may assist clinicians in identifying 
AHT.  
Chapter 1 acknowledged that the development of a CPR requires several stages, namely, 
confirming the need for a CPR, derivation, external validation, and finally impact analysis to 
determine the effect of the CPR on clinical decision-making and patient care.293, 299, 301 Chapter 
2 justified the need for the PredAHT CPR. PredAHT had been derived59 and externally 
validated60 previously, and thus the next stage in the process would be to test its impact in 
clinical practice. However, the scientific literature regarding the development and evaluation 
of CPRs and complex interventions recommends that extensive exploratory and preparatory 
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work is undertaken prior to a formal, large-scale definitive impact study, to assess the 
feasibility of conducting such a study and the acceptability of the CPR to those it is intended 
for.300, 322, 323 Guidance also recommends identifying the evidence-base and relevant theories 
to obtain a theoretical understanding of the processes underlying the behaviour targeted by 
an intervention.322, 323 This thesis therefore presented a scoping review of clinical diagnostic 
decision-making theory and a consideration of the mechanisms by which CPRs are proposed to 
enhance clinical decision-making (Chapter 3). These findings informed the development of the 
computerised version of PredAHT that was created to facilitate the conduct of the subsequent 
studies and the adoption of PredAHT into clinical practice (Chapter 4). These chapters were 
followed by three novel empirical studies exploring the acceptability747 (Chapter 5), and 
potential impact748 (Chapter 6) of PredAHT, and the feasibility of evaluating its actual impact in 
clinical practice (Chapter 7). 
8.3 Thesis findings and novel contributions 
This PhD thesis aimed to build on the knowledge gained from the derivation24, 59 and 
validation60 of PredAHT. The primary aims were to 1) develop a computerised version of 
PredAHT for use in clinical practice, and 2) to determine the utility of PredAHT in assisting in 
the identification of AHT, using mixed methods. Three empirical studies were conducted based 
on existing frameworks and guidance for the development and evaluation of CPRs. 300, 322, 323 
There were six objectives of the PhD: 
1. To undertake a review of the literature on the challenges associated with the 
identification of AHT using systematic search methods. 
2. To review relevant theories of clinical decision-making and the logic of CPRs using 
systematic search methods. 
3. To describe the previous derivation and validation of PredAHT, present a critical 
appraisal of PredAHT and other CPRs for AHT, develop a computerised version of 
PredAHT using Shiny, a Web application framework for the R language and 
environment for statistical computing, and to validate the computerised PredAHT in an 
Australian/New Zealand population. 
4. To assess the acceptability of PredAHT with a range of CP professionals, using 
qualitative methods. 
5. To explore the potential impact of PredAHT on clinicians’ judgments and decision-
making, using clinical vignettes. 
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6. To assess the feasibility of evaluating the impact of PredAHT in clinical practice, using 
mixed methods. 
 
The MRC framework for the development and evaluation of complex interventions was 
used as an over-arching framework to guide the work, specifically, the “development” and 
“feasibility and piloting” phases322, 323 (Figure 8.1). The findings and novel contributions of 
each chapter of this thesis are discussed below and presented in Table 8.1. 
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Figure 8.1 A schematic of the work presented in this thesis, according to the aims and objectives of the PhD and relevant phases of the Medical 
Research Council framework 
 
Reproduced from Chapter 1.
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8.3.1 Literature review of the challenges faced by clinicians in identifying abusive head 
trauma  
Previous literature reviews in the field of AHT have focused on reviewing the injury 
mechanisms, outcomes, clinical features, and differential diagnoses associated with AHT, and 
the medical evaluation of suspected AHT, however few reviews have been conducted from the 
perspective of the challenges associated with the identification of AHT in clinical practice. An 
important step in the development and evaluation of CPRs is to review the evidence base to 
justify why a CPR is needed and why it is likely to be of value to those it is intended for.301, 322, 
323 The literature review conducted therefore focused on the difficulties faced by clinicians in 
identifying AHT, with the aim of determining whether a CPR for AHT is needed and to gain an 
understanding of the likely value of introducing a CPR for AHT into clinical practice. The review 
highlighted that clinicians face many challenges in the identification of AHT related to the 
history provided by the care-giver, variability in the clinical manifestations of AHT, potential 
differential diagnoses, forensic considerations, personal bias, alternative theories of causation, 
and the evaluation of suspected AHT. Despite this, the review found evidence that certain 
combinations of clinical features may help discriminate between AHT and nAHT, implying that 
certain clinical features may be predictive of AHT.24, 27, 59 Due to the many difficulties involved 
in identifying AHT, the review concluded that a CPR for AHT that integrates a child’s clinical 
data and calculates an evidence-based patient-specific probability of AHT is needed and would 
be of value to clinicians working in this field. 
8.3.2 Clinical decision-making theories and the logic of clinical prediction rules 
A scoping review of relevant theory related to clinical diagnostic decision-making in 
AHT and the logic underpinning CPRs was conducted. The inherent complexity of a CPR is 
rarely addressed or captured in studies developing or evaluating prediction rules,319, 320 yet the 
use of theory proved to be an invaluable approach to understanding how and why PredAHT 
may influence clinicians’ judgments and decision-making in practice. The findings 
demonstrated that decision-making functions in two interactive information processing 
systems, an “intuitive” system and an “analytical” system, that are represented on a cognitive 
continuum,544, 596 and that clinicians use a range of decision-making strategies when 
considering a diagnosis of AHT, including pattern recognition, heuristics, hypothetico-
deductive reasoning, causal reasoning, and probabilistic/threshold/Bayesian approaches.53, 508 
However, cognitive and affective biases arising from both “intuitive” and “analytical” reasoning 
underscore the need for decision support.560 In addition, the review found that aspects of the 
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diagnostic process in suspected AHT cases are clearly conducive to Bayesian reasoning.508, 697, 
707, 708 Taken together, this suggested that CPRs, which by nature are based on Bayesian 
reasoning, represent an ideal approach to aid clinicians in the identification of AHT,627 and 
facilitated the identification of potential features of a computerised tool that might best 
support clinicians in their decision-making. Finally, the review highlighted that a CPR may 
conceivably improve a clinician’s decision-making via a number of different mechanisms.580 A 
CPR that provides predicted probabilities of disease and/or stratifies patients into risk groups 
may alter a clinician’s decisions via changes to the diagnostic accuracy of their clinical 
judgment, by shifting their pre-test probability estimate above or below their individual test or 
treatment threshold probabilities.545, 580, 585   
8.3.3 Development of the Predicting Abusive Head Trauma clinical prediction tool 
The findings of Chapters 2 and 3 motivated and justified the development of a novel 
computerised version of the PredAHT CPR. Chapter 4 thus reported on the systematic process 
used to create this. The development of the computerised PredAHT followed an iterative 
process and included the selection and development of key features, programming, design of 
the user interface, in-house user testing, and modification based on suggestions and 
observations from subsequent studies undertaken for this thesis. Key features were selected 
based on findings reported in Chapter 3, and the acknowledgement that one or more predictor 
variables required for PredAHT may be unavailable at various stages in the AHT assessment 
pathway.738 The computerised PredAHT has several unique features and advantages, including 
an “unknown” option for each clinical feature, LRs of AHT for each of the possible 
permutations of clinical features, and a sliding scale providing clinicians with the option to 
incorporate their estimated prior probability of AHT and facilitating automatic generation of 
posterior probabilities. The computerised PredAHT thus provides predicted probabilities and 
LRs for 729 possible permutations of six clinical features depending on whether each is 
present, unknown, or absent. A systematic review and critical appraisal of four validated CPRs 
for AHT and an external validation of the computerised PredAHT described in this chapter706 
found that up until the time of publication, PredAHT was the only CPR for AHT designed for use 
in an in-patient hospital setting that could be used at multiple points in the assessment 
pathway, and that since PredAHT had been validated in multiple settings it was therefore 
ready for impact analysis. The computerised PredAHT was subsequently used in the three 
empirical studies presented. Additional key features incorporated following feedback and 
observations in these three studies included an option to display confidence intervals around 
 
 
383 
 
the posterior probabilities and the addition of Fagan’s nomogram to illustrate how the user’s 
own prior probability of AHT and the LRs of AHT for the 729 different feature combinations 
interact to produce the posterior probability of AHT. Strengths of the computerised PredAHT 
tool include the highly systematic, evidence-based and rigorous approach to its development, 
however the final version is yet to be formally user-tested. 
8.3.4 Acceptability of the Predicting Abusive Head Trauma clinical prediction tool: A 
qualitative study with child protection professionals  
A novel qualitative interview study was conducted with 56 CP professionals involved in 
suspected AHT cases, including clinicians, CPSWs, police officers, pathologists and legal 
professionals, including four judges.187, 747 This study explored the factors influencing these 
professionals’ decision-making and multidisciplinary collaboration in suspected AHT cases,187 
and their attitudes towards PredAHT,747 and made several novel contributions to the field of 
AHT diagnosis and the scientific literature. Previously, no study had sought to directly explore 
how CP professionals make decisions and work together in suspected AHT cases. Six over-
arching factors influencing decision-making were identified: “professional”, “medical”, 
“circumstantial”, “family”, “psychological” and “legal” factors. The findings suggested that 
decision-making in AHT cases is complex and nuanced, and a diagnosis is arrived at only when 
all potential variables have been carefully explored and considered, including clinical, 
historical, forensic and social features and potential differential diagnoses. These findings are 
particularly topical in light of the recent report out of Sweden251, 252 that questions the validity 
of AHT/SBS as a medical diagnosis, predicated on the inaccurate premise that the “triad” of 
SDH, RH and encephalopathy defines AHT and forms the basis of a clinical AHT diagnosis. The 
findings also suggested that CPSWs and police officers may benefit from additional training in 
the medical aspects of physical abuse, and that joint training might provide a better 
understanding of the roles, expectations and limitations of each agency, thereby facilitating 
more effective collaboration. 
The acceptability of PredAHT to CP professionals was also explored .747 The 
acceptability of CPRs has been predominantly investigated using survey methodology, 
however qualitative methods have the potential to provide more in-depth information.673 The 
findings demonstrated that PredAHT is acceptable and potentially useful to CP professionals 
who would be willing to use it as an adjunct to their decision-making. When used in 
conjunction with a full clinical and social history, PredAHT has the potential to standardise 
clinical assessment, and minimise subjectivity when weighing up the clinical features in cases 
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of possible AHT. Strengths of this study include the wide range of professionals interviewed, 
and the richness of the data. The study is one of only two studies747, 790 exploring the 
acceptability of a CPR designed for use in the CP field, and the first study to have done so with 
a range of professionals. There was evidence that data saturation was not reached with the 
pathologist group, and so further exploration of the acceptability of PredAHT may be 
warranted with these professionals. 
8.3.5 Potential impact of the validated Predicting Abusive Head Trauma clinical prediction 
tool: A clinical vignette study 
A novel clinical vignette study was conducted with 29 clinicians involved in assessing 
suspected AHT cases.748 This was a preliminary exploratory study conducted to explore the 
impact of PredAHT on clinicians’ AHT probability estimates and proposed CP actions. This study 
also made several contributions to the field of AHT diagnosis and the scientific literature. 
Exploratory studies can provide important information regarding the likelihood that a CPR will 
influence clinicians’ judgments and decision-making but are rarely carried out prior to a formal 
impact study.306 Six novel clinical vignettes were carefully designed by the researcher based on 
the findings from the qualitative study reported in Chapter 5, the clinical experience of the 
supervisory team, the scientific literature, and actual cases of suspected AHT encountered 
during previous research. Clinicians estimated the probability of AHT and indicated their CP 
actions in each vignette, both before and after using PredAHT. Inter-rater agreement of 
clinicians’ judgments was also estimated. The study findings demonstrated that PredAHT 
significantly influenced clinicians’ probability estimates of AHT in all vignettes. Interestingly 
however, clinicians’ proposed CP actions were only influenced by PredAHT in a minority of 
instances, and PredAHT did not significantly improve the overall agreement between clinicians’ 
AHT probability estimates or their proposed CP actions. Despite this, the “think-aloud” data 
showed that 27/29 clinicians would find PredAHT useful in their practice, and that it provided 
them with greater confidence in their opinions in the vignette cases, even if they would not 
alter their CP actions after seeing the score. However, it was evident that clinicians were 
influenced by a variety of social, historical and clinical factors in each case, emphasizing the 
need to consider the PredAHT probabilities in the context of these associated factors. 
Strengths of this study include enhanced internal validity afforded by the use of carefully 
manipulated vignettes, and the use of the concurrent “think-aloud” method alongside 
statistical modelling of survey responses, which allowed for a meaningful interpretation of the 
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quantitative results. Limitations include reduced external validity due to potential “artificiality” 
of the vignettes, and limited generalisability due to the sampling methods employed. 
8.3.6 Evaluating the impact of the Predicting Abusive Head Trauma clinical prediction tool 
in clinical practice: A feasibility study  
Chapter 7 reported a novel multisite feasibility study of the evaluation of PredAHT in 
clinical practice. This study was conducted to determine whether a full-scale impact analysis of 
PredAHT is currently warranted. To the best of the researcher’s knowledge, there have been 
no completed impact studies of a CPR designed to assist in the identification of AHT, and it is 
unclear how a CPR in this field may be received or used in clinical practice, therefore it was 
considered paramount to establish the feasibility of conducting an impact study of PredAHT. 
Eighteen consecutive children less than three years of age admitted to two UK teaching 
hospitals with ICI were recruited, and several clinicians involved in the admission and/or care 
of each child participated in an interview where they discussed the probability of AHT 
estimated by PredAHT in relation to the case. The different components of the methods and 
procedures used to conduct the study were assessed, and the study yielded rich qualitative 
data regarding the impact of PredAHT on clinicians’ AHT probability estimates and CP actions 
in each case. This study demonstrated that a full-scale impact study of PredAHT is not feasible 
as designed and that a definitive impact analysis of PredAHT is not warranted at present. The 
results suggested that dedicated research nurses would be required seven days a week in 
order to identify cases in a timely manner and encourage clinicians to use PredAHT as early as 
possible in the assessment process. In addition, different outcome measures than those tested 
in the feasibility study would be warranted for a definitive trial, specifically, improved clinician 
confidence in their diagnoses, and standardisation or completion rates of the clinical 
investigation of AHT.  
The feasibility study findings were instrumental in informing the re-design of a 
potential definitive trial. Further feasibility and pilot work is recommended prior to a full-scale 
impact analysis of PredAHT in clinical practice. Secondary analysis found that PredAHT 
probability estimates were less specific when clinicians’ prior probabilities were incorporated 
into the calculation, and that clinicians were more specific in predicting AHT than PredAHT.  
The main strengths of this study were the range of clinicians interviewed about each 
case and the wealth of in-depth qualitative data collected. The main limitation was the timing 
of recruitment. 
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Table 8.1 Novel contributions of this thesis 
Chapter  Study design Primary aims Contribution to research 
2 Literature 
review 
To review the literature on 
the challenges confronting 
clinicians in the identification 
of AHT, to identify if a CPR for 
AHT is needed 
 
 
 
This review highlighted that clinicians face many challenges in the identification of AHT 
related to: 
 the history provided by the care-giver  
 variability in the clinical manifestations of AHT 
 potential differential diagnoses 
 forensic considerations 
 personal bias 
 alternative theories of causation 
 the evaluation of suspected AHT 
Despite this, the review found evidence that certain combinations of clinical features may 
help discriminate between AHT and nAHT.  
This review concluded that as the identification of AHT is difficult for a myriad of different 
reasons, a CPR for AHT that integrates a child’s clinical data and calculates an evidence-
based patient-specific probability of AHT is urgently needed and would be of value to 
clinicians working in this field. 
3 Scoping 
review 
To review clinical decision-
making theories and the logic 
underpinning CPRs, to gain a 
theoretical understanding of 
clinical decision-making in 
suspected AHT cases and the 
mechanisms by which CPRs 
may improve clinicians 
decision-making 
This review highlighted that: 
 clinicians use a range of decision-making strategies when considering a diagnosis 
of AHT, including Bayesian reasoning, but nevertheless, diagnostic decision-
making in AHT is susceptible to a multitude of cognitive and affective biases 
arising from both “intuitive” and “analytical” reasoning, emphasizing the need for 
decision support 
 aspects of the diagnostic process in suspected AHT cases are clearly conducive to 
Bayesian reasoning 
Taken together, this suggests that CPRs, which by nature are based on Bayesian 
reasoning, represent an ideal approach to aid clinicians in the identification of AHT. 
 a CPR that provides predicted probabilities of disease and/or stratifies patients 
into risk groups may alter clinician’s decisions via changes to the diagnostic 
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accuracy of their clinical judgment, by shifting their pre-test probability estimate 
above or below their individual test or treatment threshold probabilities  
4 Development 
of the 
computerised 
PredAHT 
To describe the previous 
derivation of the PredAHT 
regression model and its 
subsequent external 
validation 
 
To describe a systematic 
review of validated CPRs for 
AHT conducted in 
collaboration with Australian 
colleagues and present a 
critical appraisal of the four 
validated CPRs for AHT 
 
To report the systematic 
development of the 
computerised Predicting 
Abusive Head Trauma clinical 
prediction tool and its 
external validation in an 
Australian/New Zealand 
population 
In order to facilitate its adoption in clinical practice, PredAHT was developed into a simple, 
novel, web-based calculator. The development of the computerised PredAHT followed an 
iterative process and included: 
 selection and development of key features 
 programming 
 design of the user interface  
 in-house user testing  
 modifications based on suggestions and observations from the subsequent 
empirical studies undertaken in this thesis 
Key features were selected based on: 
 findings from the scoping review of the literature reported in Chapter 3 
 the appreciation that if clinicians were to apply PredAHT in practice, they may 
face the problem of an unknown clinical feature 
Key features of the computerised PredAHT included: 
 an “unknown” option for each of the six clinical features 
 LRs of AHT for each of the possible combinations of clinical features 
 a sliding scale to enable clinicians to incorporate their own prior probability of 
AHT and facilitate automatic calculation of the posterior probability of AHT 
The computerised PredAHT thus provides predicted probabilities and LRs for 729 possible 
permutations of six clinical features depending on whether each is present, unknown, or 
absent. Additional key features incorporated following feedback and observations from 
the empirical studies included: 
 an option to display confidence intervals around the posterior probabilities 
 the addition of Fagan’s nomogram to illustrate how the user’s own prior 
probability of AHT and the LRs of AHT for the different combinations of features 
interact to produce the posterior probability of AHT 
Based on a systematic review of four validated CPRs for AHT and an external validation of 
the computerised PredAHT this chapter concluded that:  
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 PredAHT is currently the only CPR for AHT designed for use in an in-patient 
hospital setting that could be used at multiple points in the assessment pathway 
 PredAHT has been validated in multiple settings and is thus ready for impact 
analysis 
The computerised PredAHT was used in three subsequent empirical studies investigating 
the acceptability and potential impact of PredAHT and the feasibility of evaluating its 
impact in clinical practice. 
5 Qualitative 
interview 
study 
To explore the factors 
influencing decision-making 
and multidisciplinary 
collaboration with CP 
professionals involved in 
suspected AHT cases, and to 
determine the acceptability of 
PredAHT amongst these 
professionals 
Six main factors influencing decision-making in suspected AHT cases were identified:  
 professional  
 medical 
 circumstantial 
 family 
 psychological 
 legal  
With regards to decision-making and multidisciplinary collaboration in suspected AHT, this 
study found that AHT is not diagnosed based solely on the features of the “triad” alone, 
that decision-making is complex and nuanced, and a diagnosis is only arrived at when all 
potential variables are carefully explored and considered. Specifically: 
 participants diagnose AHT based on clinical features, the history, and the social 
history, after excluding potential differential diagnoses 
 participants viewed the diagnosis of AHT as a “jigsaw puzzle” that could only be 
solved with multiple different pieces of evidence 
 participants find these cases emotionally challenging but are aware of potential 
biases in their evaluations and strive to overcome these 
 barriers to decision-making include lack of experience, uncertainty, the impact on 
the family, the pressure of making the correct diagnosis, and disagreements 
between professionals  
 legal barriers include alternative theories of causation proposed in court 
 facilitators include support from colleagues, multidisciplinary working, knowledge 
of the evidence-base, and “gut instinct”  
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 participants’ experiences with multidisciplinary collaboration are generally 
positive, however CPSWs and police officers are heavily reliant on clinicians to 
guide their decision-making, suggesting the need for training on the medical 
aspects of physical abuse for these professionals and multidisciplinary training 
that provides knowledge about the roles of each agency 
With regards to acceptability of PredAHT, this study found that:  
 clinicians, CPSWs and police thought PredAHT would be beneficial as an objective 
adjunct to their professional judgment, to give them greater confidence in their 
decisions 
 PredAHT was viewed as a piece of the “jigsaw puzzle” of evidence to be used 
alongside all other information about each case 
 lawyers and pathologists appreciated its value for prompting multidisciplinary 
investigations, but were uncertain of its usefulness in court  
 perceived disadvantages included: possible over-reliance and false reassurance 
from a low score  
 interpretations regarding which percentages equate to ‘low’, ‘medium’ or ‘high’ 
likelihood of AHT varied; participants preferred a precise % probability over these 
general terms 
 participants would use PredAHT with provisos: if they received multi-agency 
training to define accepted risk thresholds for consistent interpretation; with 
knowledge of its development; if it was accepted by colleagues 
6 Clinical 
vignette 
study 
To explore the impact of 
PredAHT on clinicians’ 
probability estimates of AHT, 
and their proposed CP 
actions, assessing the degree 
of agreement between 
clinicians’ opinions both 
before, and after, using 
PredAHT 
In this study six clinical vignettes were designed based on the scientific literature, the 
findings from the qualitative study reported in Chapter 5, the clinical experience of the 
supervisory team and actual cases of suspected AHT encountered during previous 
research. This study found that:  
 overall, PredAHT significantly influenced clinicians’ probability estimates of AHT in 
all vignettes (p < 0.001), although the impact on individual clinicians varied 
 the influence of PredAHT on clinicians’ CP actions was limited; after using 
PredAHT, 9/29 clinicians changed their CP actions in only 11/174 instances 
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 clinicians’ AHT probability estimates and CP actions varied somewhat both before 
and after PredAHT 
 the “think-aloud” data suggested that PredAHT may increase clinicians’ 
confidence in their decisions when considered alongside other associated clinical, 
historical and social factors 
7 Feasibility 
study 
To establish the feasibility of 
evaluating the impact of 
PredAHT in clinical practice 
 
To assess the performance of 
PredAHT in the study 
population, at baseline and 
when incorporating clinicians’ 
prior probabilities of AHT, and 
to assess the performance of 
clinicians at predicting AHT, 
both before and after using 
PredAHT 
This study found that a full-scale impact study of PredAHT is not feasible as designed, and 
that a definitive impact analysis of PredAHT is not warranted at present. The results 
suggested that: 
 dedicated research nurses would be required 24/7 in order to identify cases in a 
timely manner and encourage clinicians to use PredAHT as early as possible in the 
assessment process 
 different outcome measures than those tested in the feasibility study are 
warranted for a definitive trial, specifically, increased clinician confidence in their 
diagnoses, and standardisation of the clinical investigation of AHT 
 a definitive impact study of PredAHT would need to be conducted in multiple 
sites and over a much longer time-frame to maximise patient numbers 
 further feasibility and pilot work is recommended prior to a full-scale impact 
analysis of PredAHT in clinical practice 
Secondary analysis found that: 
 the sensitivity of PredAHT in predicting AHT was 100%, while specificity was 83% 
 when clinicians’ prior probabilities were incorporated, the specificity of PredAHT 
decreased to 75% 
 the sensitivity of clinicians in predicting AHT was 100%, while their specificity was 
higher than PredAHT, at 90% 
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8.3.7 Integrating the findings of the novel empirical studies presented in this thesis 
Several important findings were echoed throughout all three of the empirical studies 
conducted. In all three studies, clinicians suggested that PredAHT may help to standardise the 
clinical evaluation of suspected AHT cases by encouraging them to undertake investigations 
such as an ophthalmology examination or skeletal survey,747, 748 in line with international 
recommendations.512, 514, 521, 522 This potential use of PredAHT was also appreciated by other 
CP professionals in the qualitative study reported in Chapter 5,747 such as pathologists and 
judges, even when they could not see a use for the tool in their own practice.  
Secondly, it was clear that clinicians are influenced by a wide range of factors in their 
decision-making about suspected AHT.187, 748 The qualitative study was the first study to 
directly explore the factors influencing decision-making and multidisciplinary collaboration in 
suspected AHT cases with clinicians and other CP professionals, finding that decision-making in 
such cases is multifaceted and that a diagnosis of AHT is made only after a thorough 
consideration of multiple influential variables.187 The manipulation of a number of these key 
variables (clinical features, history, and social history) in the vignette study (Chapter 6)748 
confirmed that clinicians’ judgments of the probability of AHT were dependent upon specific 
details relating to these factors. Further, qualitative data of clinicians’ judgments and decision-
making in actual cases of suspected AHT in the feasibility study (Chapter 7) revealed that each 
case presented its own individual challenges and that clinicians considered a long list of factors 
in their decision-making regarding AHT in each case including clinical features, injury severity, 
patterns of injury, whether the injuries are consistent with the history and mechanism 
provided, social factors, and differential diagnoses, to name but a few. The studies presented 
have thus provided consistent evidence that a diagnosis of AHT is never made based simply on 
a consideration of a small number of clinical features (i.e. the “triad”) in isolation.  
Thirdly, a consistent theme emerging from all three studies was that clinicians stated 
that their probability thresholds for investigating and referring young children with ICI are very 
low and they maintained that they have a high index of suspicion for AHT in such cases.187, 747, 
748 Despite this, it was evident that in some cases, decisions on whether to perform further 
investigations or refer a child to social services were influenced by subtle details and 
circumstances of the case. For example, in the vignette study,748 some clinicians would have 
taken no CP action in a scenario where the history was consistent over time and between 
caregivers, there was no delay in presentation, and the injury was consistent with an impact 
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trauma to the head. Similarly, in five nAHT cases in the feasibility study, an ophthalmology 
exam and skeletal survey were not performed as the children presented with a skull fracture 
with an underlying haemorrhage, bruising over the site of the injury, and a lack of other clinical 
features concerning for AHT. Decisions not to perform an abuse evaluation are likely 
associated with a need to balance the risk of possible future harm to a child with the harm 
caused by unnecessary testing and a false accusation of abuse in children where the 
probability of AHT is low.290 If the standardisation and completion of the clinical investigation 
is to be used as an outcome measure in a future definitive study of the impact of PredAHT in 
clinical practice, further exploration of the probability cut-off at which clinical investigations 
should be performed is required.  
The value of incorporating clinicians’ prior probabilities of AHT into the PredAHT 
calculation was explored in all three studies.747, 748 Clinicians in the qualitative study felt that 
this component of PredAHT was subjective and stated that they would need training in order 
to confidently estimate their prior probabilities of AHT. In the vignette study,748 some 
clinicians were surprised at the extent to which their prior probabilities of AHT impacted on 
the PredAHT score, while in the feasibility study, clinicians found it difficult to separate their 
prior probability estimates of AHT from their overall probability that incorporated information 
about the clinical features. The collective findings from this exploration suggest that further 
investigation of the implications of the use of prior probabilities in decision-making regarding 
AHT is warranted. 
Finally, clinicians and other CP professionals across the three studies thought that 
PredAHT was valuable for providing them with confidence and reassurance in their judgments, 
decision-making and diagnoses.747, 748 Crucially, many clinicians stated that PredAHT would 
increase their confidence even if it would not have a direct impact on their CP actions. This 
suggests that increased clinician confidence in their diagnoses of AHT/nAHT could be used as a 
quantitative outcome measure in a future definitive impact study. 
Taken together, the results of the three empirical studies conducted suggested that 
PredAHT is acceptable to clinicians and other CP professionals,747 and has the potential to 
significantly influence clinicians’ judgments of the probability of AHT, but may have less impact 
on their CP actions in terms of deciding whether or not to pursue a child abuse evaluation or 
refer a child to social services.748 However, the value of PredAHT may lie in its potential to 
standardise the clinical investigation of suspected AHT, and increase confidence in clinicians’ 
decisions. At this time, a large-scale impact study of PredAHT is not warranted, however 
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feasibility work has informed the re-design of a potential trial and informed the need for 
further feasibility and piloting work before a definitive trial would be viable.  
8.4 Theoretical underpinning 
The review of the selective theories and models of clinical diagnostic decision-making, 
alongside the logic underpinning CPRs (Chapter 3) found that the revision of disease 
probability is the principal clinical strategy underlying diagnostic reasoning,769 and that the use 
and application of CPRs is based on probabilistic reasoning,627 thus CPRs represent an ideal 
strategy for overcoming cognitive errors in clinical diagnostic decision-making at the 
hypothesis refinement stage. Nevertheless, the review found that clinicians also use a range of 
other decision-making strategies when considering a diagnosis of AHT. This review was 
invaluable for assisting in the interpretation of the qualitative data collected in the three 
empirical studies. It was clear that clinicians used gut instinct, pattern recognition, causal 
reasoning, and (implicitly and explicitly) Bayesian reasoning in their decision-making regarding 
suspected AHT, and that their reasoning was not immune to heuristics and biases. Examples of 
each of these reasoning processes are detailed in Table 8.2. This finding lends support to the 
dual process model of clinical reasoning544 and suggests that both “intuitive” System 1 and 
“analytical” System 2 processes are engaged during diagnostic decision-making. Crucially, as 
explained in Chapter 3, not all biases, heuristics or cognitive errors originate from System 1 
processing. However, when biases do occur, they can only be corrected by engaging System 2 
processing.594 One strategy employed by System 2 is metacognition, meaning “thinking about 
thinking”.626 Metacognition describes the ability to step back from the immediate situation, 
view the problem in a wider context, remind oneself of previous errors, recognise the limits of 
human cognition and the existence of cognitive biases, and activate cognitive forcing strategies 
to counter these biases. Cognitive forcing strategies enable clinicians to consider alternative 
diagnoses, detect potential flaws in their reasoning, and help them to avoid making decisions 
purely based on pattern-recognition strategies.626 One such forcing function is the use of 
CPRs.625 Clinicians reported that PredAHT would cause them to “step back” and “stop and 
think” about a diagnosis of suspected AHT (Table 8.2), thereby providing further evidence that 
CPRs may help to assist clinicians in overcoming cognitive errors associated with faulty 
heuristics.  
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Table 8.2 Clinical reasoning strategies reportedly used by clinicians in the empirical studies 
presented in this thesis 
Explicit 
Bayesian  
Clinician 28 
Feasibility study, 
Chapter 7 
“If I start out with somewhere around about 5% and 
it’s a likelihood ratio of six, and that bumps it up to 
the 30% range, fine. That’s going to make a 
difference.” 
Implicit 
Bayesian 
Clinician 19 
Qualitative study, 
Chapter 5 
“That's what we do in our brains, we put all the 
information together and spit out the probability 
based on our experience.” 
Biases Clinician 9 
Qualitative study, 
Chapter 5 
“Well they shouldn't but if it looks like a really nice 
family that you couldn’t imagine doing anything like 
that and that shouldn't influence you but it makes 
you think.” 
Heuristics  Clinician 57 
Feasibility study, 
Chapter 7 
“Well I wouldn’t use it because it’s such a low 
probability in my own head that I don’t think I’m 
going to be wrong. Which is probably arrogant on my 
part.” 
Causal 
reasoning 
Pathologist 1, 
Qualitative study, 
Chapter 5 
“First of all I see whether there is any injury and 
decide what sort of injury it is, whether it’s a blunt 
force injury or sharp force injury etcetera and then 
the distribution of the injuries on the body, and then 
relate the distribution that I find with what I know 
about the literature on different patterns of injury for 
assault or accident, falls.” 
Pattern 
recognition 
Clinician 10, 
Qualitative study, 
Chapter 5 
“I would be expecting or might see multiple focal thin 
layer subdural haemorrhages in different brain 
compartments.” 
Gut instinct  Clinician 15, 
Feasibility study, 
Chapter 7 
“From my gut instinct, it doesn’t feel like it’s 
something that’s been purposely done. With just the 
facts, it does look suspicious.” 
Metacognition Clinician 10, 
Qualitative study,  
Chapter 5 
“If there was a mismatch between my clinical opinion 
and the risk assessment tool that would cause me to 
stop and think and seriously consider whether I have 
gone down a bit of a blind alley with this and whether 
I need to stop and think again…It would be helpful 
just to reassure us that we are doing the right thing or 
maybe to cause us to stop and think actually perhaps 
we shouldn’t walk away from this one.” 
 
Chapter 3 also established that the mechanism by which a CPR may improve clinicians’ 
diagnostic accuracy is via alterations to their pre-test probability estimate of AHT above or 
below their individual so-called test and treatment thresholds.545, 580, 585 The results from the 
vignette study reported in Chapter 6748 and the feasibility study reported in Chapter 7 provided 
evidence that clinicians do revise their probability of AHT in light of new information. However, 
in both studies, PredAHT had minimal impact on clinicians’ CP actions (with the caveat that in 
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the feasibility study many interviews were conducted in retrospect). In the context of the 
threshold approach to decision-making, this suggests that the shift in probability from their 
pre-test probability of AHT was not large enough to cross the test or treatment thresholds 
required to initiate a change in action.580 This is supported by the finding from the feasibility 
study that clinicians’ probability thresholds for investigating and reporting suspected AHT are 
very low. However, in the vignette study, three clinicians changed their CP action after seeing 
the PredAHT score, but not their probability estimate of AHT, suggesting that these clinicians’ 
decisions may not have been based on probabilistic thresholds.748, 944  
In the vignette study, although clinicians were not asked to estimate a likelihood ratio of 
AHT in each of the scenarios, it was possible to calculate clinicians’ likelihood ratios using their 
prior and Time 1 probabilities of AHT. This analysis found that clinicians’ likelihood ratios were 
smaller than those calculated by PredAHT in cases where the clinical evidence was strongly 
suggestive of AHT, and larger than those calculated by PredAHT in cases where the clinical 
evidence in support of AHT was weaker. This finding is consistent with the findings from other 
studies in the clinical-decision making literature, which have found that information with high 
diagnostic value is generally underestimated while information with low diagnostic value is 
generally overestimated.616   
Studies investigating the barriers to clinicians use of and adherence to CPRs have 
traditionally explored clinicians’ knowledge, attitudes and behaviours relating to CPRs,669 but 
to the best of the researcher’s knowledge, have not considered how clinicians’ decision-
making strategies may influence their use and acceptance of a CPR.  
The research findings of have demonstrated that a theoretical understanding of clinical 
decision-making processes can help to inform researchers of the reasons why clinicians may or 
may not use or adhere to a CPR in clinical practice or in particular cases. Other theoretical 
frameworks are useful for interpreting why CPRs may not be used or adopted in clinical 
practice. The construct of “complexity” within Diffusion of Innovations theory posits that 
technological innovations that are perceived by clinicians as easy to use are more likely to be 
adopted.999 Participants in the qualitative and feasibility studies felt that the computerised 
PredAHT would be simple to use and integrate into local hospital systems.747 Other studies 
have found that this is especially true if CPRs are automated and implemented into the 
electronic health record,320 suggesting that this approach could be considered for future 
impact studies of PredAHT. The Concerns Based Adopted model in Diffusion of Innovations 
theory999 suggests that prospective users must be aware of the innovation and possess 
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sufficient knowledge about how it works and how it should be used, which explains why 
participants in the qualitative study felt that they needed multidisciplinary training on how to 
use PredAHT and further information on the data behind the tool and how it had been derived 
and validated.747 It may therefore be useful to consider the findings from any future impact 
studies of PredAHT within the theoretical framework of Diffusion of Innovations theory.999  
8.5 Frameworks to guide the development and evaluation of a clinical prediction rule 
This section critiques the frameworks and approaches used to guide the development 
and evaluation of PredAHT and the planning and design of the empirical studies presented in 
this thesis.  
8.5.1 The Medical Research Council Framework for the development and evaluation of 
complex interventions 
It is increasingly recognized in the literature that decision support interventions and 
CPRs should be regarded as complex interventions.315-321 Introducing a CPR into clinical 
practice with subsequent management actions consists of multiple interacting components, 
such that the effects of a CPR on downstream patient outcomes are not just the sum of the 
successive components, and changes in clinician behaviour will not necessarily lead to 
improvements in patient outcomes.315, 317 CPRs may be used in different ways by different 
clinicians, leading to different outcomes.320 Furthermore, in the context of the theoretical 
literature on diffusion of innovations, the adoption of a CPR into clinical practice is influenced 
by numerous contextual factors including the attributes of the CPR itself as perceived by the 
intended users, clinicians’ skills, system factors and external influences such as local policy and 
incentive structures.668, 999 However traditionally, decision support interventions are seldom 
conceptualised in terms of their complexity.319, 320 The MRC framework322, 323 for the 
development and evaluation of complex interventions was considered a suitable overarching 
framework to use to guide the work conducted for this thesis. This framework advocates a 
systematic, phased approach to intervention development and evaluation that enabled the 
researcher to advance the evidence-base and theoretical underpinning for the computerised 
PredAHT, thus ensuring it is evidence-based and tailored according to the findings. The 
approach allowed the researcher to determine the acceptability and potential impact of 
PredAHT, and, crucially, to establish the need for further development and/or feasibility work 
prior to proceeding to a definitive effectiveness study. The advantage of such an approach is 
that it prevents premature commissioning of large-scale, expensive evaluation trials which are 
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not feasible and therefore may fail and waste time, effort, funding and resources.1001, 1002 This 
is likely to have been the case if a definitive study of the impact of PredAHT in clinical practice 
had been attempted as designed without first conducting feasibility work. A recent study of 89 
feasibility studies funded by the National Institute for Health Research found that 20 were 
judged as not feasible.1002 The study estimated that these 20 feasibility studies potentially 
saved up to £20m of further research funding for studies that would have been unlikely to be 
successfully completed.1002 
Although the MRC guidance is presented as a “discussion document”, it is often 
considered to be authoritative, acting as the “gold standard” for intervention development 
and evaluation.1003 However, other frameworks and approaches have been proposed to 
address the complexities in defining, developing and evaluating complex interventions, 
including intervention mapping,1004 the behaviour change wheel,1005 logic models,318 
normalisation process theory,1006 the multiphase optimisation strategy (MOST) framework,1007 
and the process modelling in implementation research (PRIME) approach.1008 There is a lack of 
studies directly comparing the effectiveness of the MRC framework with alternative 
frameworks,1009 leading to confusion about which one to follow.1010 Logic models make 
explicit the causal assumptions made by researchers regarding how the intervention will 
produce its intended effects, using a diagram to describe the structures, activities and 
proposed outcomes of the intervention.318 Although Chapter 3 of this thesis provided a critical 
account of the mechanisms by which a CPR may influence decision-making, in hindsight it may 
have been beneficial to develop a logic model for use in the feasibility study alongside the MRC 
framework. This approach could be considered if further feasibility testing is undertaken.  
In addition, the MRC guidance has been criticised on several fronts.1011 Firstly, it has 
been suggested that the recommended phases of development and evaluation resemble too 
closely the phases involved in developing commercial pharmacological interventions, for which 
significant resources are allocated.1003, 1009, 1011 In contrast, complex public health 
interventions have been historically underfunded and often do not have the resources 
required to follow the rigorous, iterative development and evaluation process outlined in the 
MRC framework, which ultimately concludes in a formal RCT.1009 Secondly, the focus of the 
MRC guidance on progressing to a full RCT has been criticised as randomized trials often fail to 
consider how the intervention components interact with each other and the local context, and 
fail to ask what works, for whom, and under what circumstances.1012, 1013 Recent guidance on 
process evaluations for complex interventions thus recommended that qualitative data are 
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collected alongside both feasibility studies and RCTs, to help provide a detailed understanding 
of intervention functioning, elucidate causal mechanisms, and determine the contextual 
factors associated with variation in outcomes.318 Similarly, researchers have argued that the 
MRC guidance does not acknowledge the complexity and unpredictability of the organisational 
systems into which interventions may be introduced and that the guidance regards 
interventions as discrete packages, rather than events in systems.1014, 1015 There is an 
assumption that interventions that follow the phases of the MRC framework will be 
standardised and reach a point of stability.1011, 1015 While the framework allows for a 
“specified degree of adaptation to local settings”, this conceptualisation of the role of context 
is arguably too limited, especially when considering CPRs, whereby adjustment and adaptation 
of a predictive model to a new setting is strongly recommended in order to maximise its 
validity and predictive performance.315, 1011 Complex organisational systems are characterised 
by contextual variation and context is integral to understanding why interventions may work in 
some individuals or settings and not in others.1011, 1012, 1014 This has led some researchers to 
advocate theory-driven approaches to evaluation such as realist methods.1013, 1016 A discussion 
of the potential of such approaches was conspicuously absent from the MRC guidance despite 
the emphasis placed on the importance of theory throughout the document.1003   
Despite the limitations of the MRC guidance, adhering to the framework has proven 
invaluable in determining that although PredAHT is acceptable to CP professionals and has 
potential value, further development and/or feasibility work must be completed before the 
impact of PredAHT can be tested in clinical practice. This supports the findings of a recent case 
study exploring the benefits of using the MRC framework to develop a clinical decision support 
intervention for pain management in patients with dementia.319 This study highlighted the 
importance of considering clinical decision support interventions as complex interventions, as 
they are implemented in a complex environment involving collaboration between different 
layers of individual and social units, and individuals may interact with the technology in a 
number of different ways.319 In particular, the role of theory and a consideration of how an 
intervention may be thought to work in practice was considered to be especially important in 
this study.319  
8.5.2 Frameworks for the development and evaluation of clinical prediction rules 
The work conducted in this thesis was also guided by methodological guidelines for the 
development and evaluation of CPRs,293, 301 and by phases one and two of the four-phased 
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iterative framework for the impact analysis of CPRs proposed by Wallace and colleagues. 300 
The computerised PredAHT was externally validated in the original validation dataset and in an 
Australian/New Zealand population and thus according to Wallace et al.300 it is ready for 
impact analysis. In addition, Reilly & Evans299 categorize such a rule as a Level 3 CPR and 
suggest that the predictions can be applied to new patients with confidence in their accuracy. 
However, Kappen et al.315 point out that as yet no clear guidelines exist regarding the number 
of external validations that are required before use in clinical practice, raising the question as 
to when a model has been successfully “broadly” externally validated. One may take the view 
that as performance of CPRs is heterogeneous,1017 the consideration of the validity and impact 
of a CPR should be setting-dependent and a CPR should be customized to a new setting 
wherever possible.315  
Phase one of the framework proposed by Wallace et al.300 involves verifying the 
sensibility, comprehensibility and appropriateness of the components and predictive abilities 
of the CPR. This was addressed in Chapter 4, where key features of the computerised PredAHT 
were selected that reflected the reality of clinical practice, and the validity of the updated 
PredAHT was re-assessed. For example, since aspects of the diagnostic process in suspected 
AHT and the application of CPRs are conducive to Bayesian reasoning, LRs were calculated and 
incorporated into PredAHT to better reflect the probabilistic nature of diagnosis. In addition, 
the probability of AHT when one or more features were unknown was calculated following 
consideration that in reality, clinicians may not have access to or knowledge of all of the 
predictor variables when applying the CPR in clinical practice. As the CPR had been modified 
since its original derivation and validation, its validity was re-assessed as recommended in the 
literature,300, 326 and a further external validation carried out in an Australian/New Zealand 
dataset. The second phase of the framework involves defining the delivery mode and study 
design, assessing the acceptability of the CPR, and assessing the feasibility of the impact study 
which have all been assessed. However, although Wallace et al.300 suggested the need for a 
feasibility study, they did not provide any guidance as to how a feasibility study of the impact 
of a CPR should be conducted. Despite the movement of researchers and funders towards 
greater consideration of “exploratory” feasibility and pilot studies following the MRC guidance, 
there is a lack of evidence and guidance in general on how to design and conduct such 
studies.1018 A recent systematic review of guidance for exploratory studies of public health 
interventions found that existing recommendations are often conflicting, and are inconsistent 
with regards to the aims, designs, and conduct of exploratory studies.1018 There is also a lack of 
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guidance regarding the evidence required to inform decisions about when to progress to an 
effectiveness study.1018 Similar findings were reported by Levati et al.1010 in their scoping 
review of strategies for the “optimisation” of complex interventions prior to an RCT, which 
concluded that it is unclear how to determine when an intervention is ready to be tested in an 
RCT.1010 Moore et al.1001 contend that this poses a challenge for researchers, peer reviewers 
and funders in assessing the merits of research proposals and findings, and in determining 
whether further evaluation of an intervention is justified. To this end, the MRC has recently 
provided funding for the GUEST study to develop guidance for exploratory studies of complex 
public health interventions.1001 
Furthermore, guidance for exploratory studies tends to be limited to studies 
conducted in preparation for RCTs, and therefore discussion regarding the role of 
randomisation features heavily.1018 In the feasibility study reported in Chapter 7, the study 
findings were assessed against an analytic framework derived from the work of Bugge et al.978 
and Shanyinde et al.979  which was adapted to exclude items relating to randomisation. 
Researchers exploring the feasibility of evaluating the impact of a prognostic model for 
management of blunt chest wall trauma patients have devised predetermined success criteria 
against which to assess their feasibility findings,1019 however this was in preparation for a 
randomised trial. The use of predefined success criteria to assess the findings of the PredAHT 
feasibility study was felt to be premature at this stage. The PredAHT feasibility study included a 
substantial qualitative element, following recommendations from the MRC guidance for 
process evaluation of complex interventions.318 This yielded detailed information regarding 
the impact of PredAHT on clinicians’ AHT probability estimates and CP actions in each case, 
suggesting that qualitative research is a valuable methodological approach for evaluating the 
impact of CPRs in clinical practice. Nevertheless, clear guidelines for the design and conduct of 
pilot and feasibility studies specifically evaluating CPRs would be a welcome addition to the 
literature, and the absence of such guidance represents a gap in the current evidence-base. 
8.6 Benefits and challenges of the mixed-methods approach used in this thesis 
The research findings highlight the value of a mixed-methods approach to evaluating 
CPRs. Historically, “purist” advocates of quantitative and qualitative approaches have argued 
that the two methods are inherently incompatible due to differences in their paradigmatic 
assumptions, and thus should not be used together in a single study.1020 Paradigmatic 
assumptions are concerned with how quantitative and qualitative methods can be applied to 
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generate valid knowledge of ourselves and the world around us.1021 Quantitative methods are 
rooted in a realist/(post-)positivist paradigm which maintains that scientific inquiry should be 
objective, and that there exists a stable “real” world that is independent of the observer and 
their error-prone perceptions. In contrast, qualitative methods are rooted in an 
interpretive/constructionist paradigm, which values research as a means of producing rich 
understanding of worlds that are inevitably context-bound, and argues for the existence of 
multiple constructed realities. Johnson and Onwuegbuzie1020 observed that the quantitative 
versus qualitative debate has been so divisive that graduate students are often left feeling that 
they are obligated to pledge allegiance to one school of thought. Indeed, one qualitative purist 
has asserted that “accommodation between paradigms is impossible…we are led to vastly 
diverse, disparate, and totally antithetical ends”.1022(p.81) However, mixed-methods research 
recognizes that both quantitative and qualitative methods are important and useful and that 
the use of mixed methods can harness the strengths and minimise the weaknesses of both 
approaches.1020 As described in Chapter 6, the pragmatic research paradigm provides an 
underlying philosophical basis for mixed methods research. Pragmatists contend that the 
method of data collection and its underlying paradigmatic assumptions are of less importance 
than the specific research question to be answered, and that mixed methods research is 
justified if it provides the most appropriate means to address the research question.1020 In the 
convergent mixed methods design used in the vignette study (Chapter 6), qualitative methods 
helped to confirm and explain the quantitative results, and, importantly, suggested that 
PredAHT may be useful even if it does not directly influence clinicians’ decision-making,748 
something that would not have been discovered if quantitative methods alone were used. 
Qualitative methods also provided evidence of internal validity in this study, as clinicians were 
able to verify that their probability estimates of AHT differed due to the factors manipulated in 
the vignettes. The use of qualitative methods in the feasibility study (Chapter 7) allowed for a 
fascinating and in-depth exploration of the reasons why PredAHT did or did not influence 
clinicians’ AHT probability estimates and CP actions on a case-by-case basis. This led to an 
understanding of where the value of PredAHT lies, and the specific circumstances in which it is 
most likely to be useful.  
Despite its considerable benefits, mixed methods research is not without its challenges. 
Firstly, it requires the researcher to be familiar with and skilled in both quantitative and 
qualitative techniques.1023 The researcher attended numerous training courses on qualitative 
interviewing techniques and qualitative and quantitative data analysis methods, sought 
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appropriate guidance where it was needed, and developed a genuine passion for both 
quantitative and qualitative approaches throughout the PhD. Secondly, a degree of innovation 
is required to integrate the two different types of data, make meaningful connections between 
them, and present the results effectively.1023 Lastly, mixed methods research can be time 
consuming.1023 The researcher conducted 97 interviews for the feasibility study (Chapter 7) 
and an additional 50 interviews for the qualitative study (Chapter 5). This generated a wealth 
of interesting data, however this meant that data collection and analysis took much longer 
than anticipated. At times the qualitative interviews were emotionally challenging due to the 
sensitive subject area. Future impact studies should consider whether all clinicians using a CPR 
should be interviewed or whether a cross-section would suffice. However, in a field where 
CPRs have not yet been introduced, obtaining a range of viewpoints regarding each specific 
case has been instrumental in understanding the potential impact PredAHT may have in 
clinical practice. 
8.7 Implications for future research and practice 
The work presented has suggested a number of directions for future research and 
practice. In terms of future research directions for PredAHT, the feasibility study was 
invaluable in determining that a full-scale impact study of PredAHT is not feasible as designed 
and that a definitive impact analysis of PredAHT is not currently warranted. The principal 
findings suggested a number of modifications to the design of the study, including the use of 
different outcome measures, and dedicated research nurses to facilitate timely identification 
of patients and early recruitment of clinicians. A large-scale trial would also require a longer 
study period and multiple study sites in order to maximise patient numbers, and active 
implementation strategies to encourage acceptance and use of PredAHT, including possible 
integration into the electronic health record. However, further feasibility and pilot work is 
required in order to evaluate the acceptability and feasibility of the modified study procedures 
and further assess the appropriateness of the proposed new outcome measures.  
It is worth bearing in mind that the PredAHT predicted probabilities were originally 
designed to be calculated once a full clinical work-up had been performed, in order to “assist 
frontline professionals when deciding whether to refer a child for specialist clinical and 
multiagency investigation of possible AHT”,59(p.e558) “assist clinicians in their discussions with 
social welfare, law enforcement, or other professionals involved in the child protection 
process”60(p.291) and “assist clinicians offering medical testimony in civil or criminal 
proceedings, in demonstrating why certain combinations of features are more or less 
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predictive of an abusive etiology”.59(p.e558) However, with the recognition that at different time 
points in the clinical assessment pathway clinicians may not have access to or knowledge of all 
six clinical features included in PredAHT, the probability of AHT was estimated when one or 
more of the six clinical features are unknown, and therefore the computerised PredAHT can be 
used at multiple points in the clinical investigation process of suspected AHT, including when a 
child is first admitted. The results of the feasibility study suggested that PredAHT may be best 
placed at the beginning of the process, when the “probabilities and possibilities are being 
critically analysed and acted upon” (Clinician 66, Consultant, PICU). Thus, an appropriate 
outcome measure for a definitive trial may be whether PredAHT encourages standardisation of 
the clinical investigation when the probability of AHT is high. The ability to explore the 
predicted probabilities of AHT when RHs or fractures are found to be present or absent may be 
a valuable asset of PredAHT in this regard. Clinicians in all three studies presented suggested 
that PredAHT would provide them with confidence and reassurance in their judgments and 
decision-making. Therefore, when further information is obtained and a diagnostic impression 
is formed, it may be appropriate to quantitatively assess whether PredAHT increases clinicians’ 
confidence in their diagnoses at a later stage in the assessment process. 
A second option would be to go back to the drawing board, and redesign PredAHT 
altogether. PredAHT was derived based on a systematic review of the clinical features 
associated with AHT and nAHT in six studies conducted in the 1990’s and 2000’s.24 It is 
recognized that with changes over time, advances in technology and improvements in 
diagnostic tests may affect the performance of CPRs.296 Although the six clinical features 
included in PredAHT continue to be associated with AHT in the medical literature, recent 
research has also highlighted the strong association of spinal injuries with AHT,25, 26 and the 
specificity of certain patterns of ICI136 and RH23 for AHT. Clinicians in the qualitative747 and 
feasibility study suggested that PredAHT could be refined to account for specific patterns of 
the clinical features. However, a large-scale prospective collaborative study would need to be 
conducted to ensure sufficient ascertainment of cases with each possible combination of 
features and enable valid statistical analysis of every scenario. Of note, such a study was 
recommended in the original derivation paper published in 2011,59 but has yet to be 
conducted. However, consideration needs to be given to the trade-off between the number of 
variables included in a predictive model and its simplicity and usability. Alternatively, the use 
of other statistical techniques such as machine learning algorithms may offer a greater degree 
of flexibility than traditional explanatory statistical models.1024 In addition, it may be possible 
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to formalise the feature of the computerised PredAHT that allows clinicians to enter their prior 
probability estimate of AHT as research into the psychosocial risk factors for AHT 
progresses.198  
8.7.1 Recommendations arising from this thesis 
The findings of this thesis suggest, as argued by others,315, 319-321 that CPRs should be 
viewed as complex interventions, and should be thoroughly evaluated using quantitative and 
qualitative methods within relevant theoretical frameworks in order to acknowledge and 
capture their inherent complexity. The field of AHT diagnosis would benefit from large-scale 
international collaborative studies in order to maximise patient numbers and refine, compare, 
validate, and assess the impact of CPRs to assist in the identification of AHT. There should be a 
greater focus on evaluating the impact of CPRs, rather than developing new CPRs for the same 
condition or patient population. In particular, the findings of this thesis have highlighted the 
benefits of conducting exploratory and feasibility work prior to conducting a full-scale impact 
study of the effectiveness of a CPR in clinical practice. Guidelines for conducting feasibility 
studies of the impact of CPRs would be a welcome addition to the literature. Further feasibility 
and/or development work is required before the impact of the PredAHT CPR in clinical practice 
can be viably evaluated.  
8.8 Conclusion 
This thesis describes the development of a computerised version of the PredAHT CPR 
and explored its clinical utility for assisting in the identification of AHT in three novel empirical 
studies. The three studies were conducted based on the MRC framework for the development 
and evaluation of complex interventions322, 323 and a four-phased iterative framework for the 
impact analysis of CPRs.300 The results show that the computerised PredAHT is acceptable to a 
range of CP professionals, and has the potential to standardise the clinical investigation of AHT 
and provide clinicians with confidence and reassurance in their diagnostic decisions. Further 
feasibility and/or development work is recommended before the impact of PredAHT can be 
tested in a clinical trial. The studies presented in this thesis make important contributions to 
knowledge in the field of AHT diagnosis.  
Hark ye, good parents, to my words true and plain,  
When you are shaking your baby, you could be bruising his brain.  
So, save the limbs, the brain, even the life of your tot;  
By shaking him never; never and not. John Caffey, 197242 
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10 Appendices 
Appendix 1. Search strategy used to identify relevant literature 
 
1. CHILD/ 
2. CHILD, PRESCHOOL/ 
3. (child: or infant: or toddler: or babies or 
baby).af. 
4. or/1-3 
5. ((non-accidental or nonaccidental) adj3 
(trauma or injur:)).af. 
6. ((non-abusive or nonabusive) adj3 (injur: 
or trauma)).af. 
7. (non-accidental: and injur:).af. 
8. soft tissue injur:.af. 
9. physical abuse.af. 
10. ((inflicted or noninflicted or non-
inflicted) adj3 (brain injur: or cerebral injur: 
or head injur:)).af. 
11. (inflicted traumatic head injur: or 
inflicted traumatic brain injur:).af. 
12. (or/5-11) and 4 
13. (child abuse or child maltreatment or 
child protection).af. 
14. (battered child or shaken baby or 
battered baby).af. 
15. (battered infant or shaken infant).af. 
16. (Shak: Baby Syndrome or shak: impact 
syndrome).af. 
17. Caffey-Kempe syndrome.af. 
18. *"Child Abuse"/di [Diagnosis] 
19. infant traumatic stress syndrome.af. 
20. parent-infant traumatic stress 
syndrome.af. 
58. spinal cord injur:.af. 
59. (subdural haematoma or hemotoma).af. 
60. (subarachnoid hematoma or 
subarachnoid haematoma).af. 
61. (subdural haemorrhage or subdural 
hemorrhage).af. 
62. (ventricular haemorrhage or ventricular 
hemorrhage).af. 
63. whiplash impact syndrome.af. 
64. whiplash injur:.af. 
65. whiplash shaken infant.af. 
66. infarction.af. 
67. (hypoxic-ischemic injur: or hypoxic-
ischaemic injur:).af. 
68. (contusion: or contusional tear).af. 
69. (hematoma or haematoma).af. 
70. laceration:.af. 
71. shearing injur:.af. 
72. traumatic effusion:.af. 
73. subdural hygroma.af. 
74. hygroma.af. 
75. interhemispheric.af. 
76. parafalcine.af. 
77. (brain or brainstem).af. 
78. cerebral.af. 
79. intraparenchymal.af. 
80. sciwora.mp. 
81. spinal cord injury without radiologic 
abnormality.af. 
82. cervical lumbar.af. 
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21. or/13-20 
22. 12 or 21 
23. abusive head trauma.af. 
24. bleeding into brain.af. 
25. blow to the head.af. 
26. brain damage.af. 
27. (brain haemorrhage: or brain 
hemorrhage:).af. 
28. (brain swelling or cerebral edema).af. 
29. cerebral injur:.af. 
30. cervical spine injur:.af. 
31. cervical spine neuropathology.af. 
32. cranial injur:.af. 
33. craniocerebral trauma.af. 
34. diffuse axonal injur:.af. 
35. extracranial CNS injur:.af. 
36. extracranial Central Nervous System 
injur:.af. 
37. central nervous system injur:.af. 
38. (extradural haematoma or 
hematoma).af. 
39. extradural haemorrhage.af. 
40. ha?morrhagic retinopathy.af. 
41. (head inur: or head trauma).af. 
42. impact injur:.af. 
43. intracerebral bleeding.af. 
44. (intracerebral haemorrhage or 
intracerebral hemorrhage).af. 
45. (intracranial haemorrhage or intracranial 
hemorrhage).af. 
46. intracranial injur:.af. 
47. (intraventricular hematoma or 
intraventricular haematoma).af. 
83. thoracic lumbar sacral.af. 
84. leptomeningeal cyst.af. 
85. growing skull fracture.af. 
86. (Extradural haemorrhag: or extradural 
hemorrhag: or extradural spinal 
haemorrhag: or extradural spinal 
hemorrhag:).af. 
87. laminar necrosis.af. 
88. encephalomalacia.af. 
89. cerebral atrophy.af. 
90. (craniocervical or hydrocephalus).af. 
91. encephalopathy.af. 
92. (intraparenchymal hemorrhag: or 
intraparenchymal haemorrhag:).af. 
93. (Ha?morrhagic retinopathy adj3 retinal 
ha?emorrhag:).af. 
94. cerebral venous thrombosis.mp. 
95. diffuse axonal injur*.tw. 
96. spinal subdural.tw. 
97. or/23-96 
98. Computed tomography.af. 
99. (CT or CAT scan:).af. 
100. diagnostic imaging.af. 
101. (magnetic resonance imaging or 
MRI).af. 
102. neuroradiology.af. 
103. neuroimaging.af. 
104. plain films.af. 
105. radiological imaging.af. 
106. X-rays.af. 
107. neurologic: imaging.af. 
108. diffusion weighted imaging.af. 
109. neurologic examination.af. 
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48. (multiple skull fractur: or eggshell 
fractur:).af. 
49. exp Neck Injuries/ 
50. neck injur*.af. 
51. (neurological injur: adj3 child abuse).af. 
52. neuropathology.af. 
53. non-accidental head injur:.af. 
54. (parenchymal contusion or 
laceration).af. 
55. (retinal hemorrhage or retinal 
haemorrhage).af. 
56. skull fracture:.af. 
57. (spinal cord injury adj3 radiologic 
abnormality).af. 
110. ultrasound scan:.af. 
111. (Susceptibility Weighted Imaging or 
SWI).tw. 
112. or/98-111 
113. 22 and 97 and 112 
114. 22 and 97 
115. 12 and 97 
116. 113 or 114 or 115 
117. limit 116 to yr="2013 -Current" 
118. management.mp. 
119. Review.pt. 
120. 118 or 119 
121. 117 not 120 
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Appendix 2. Updated forest plots from Kemp et al., 2011, of the association between 
neuroradiological features and abusive head trauma. Updated with data from papers 
identified in the 2014 update of the systematic review (Royal College of Paediatrics and Child 
Health, 2015)  
 
Forest plot depicting the association between subarachnoid haemorrhage and abusive head 
trauma in children 
 
Subarachnoid haemorrhage was not significantly associated with abusive or non-abusive head 
trauma 
 
Forest plot depicting the association between extradural haemorrhage and abusive head 
trauma in children  
 
Extradural haemorrhage was significantly associated with non-abusive head trauma 
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Forest plot depicting the association between interhemispheric subdural haemorrhage and 
abusive head trauma in children 
 
Interhemispheric subdural haemorrhage was significantly associated with abusive head trauma 
 
Forest plot depicting the association between bilateral subdural haemorrhage and abusive 
head trauma in children 
 
Bilateral subdural haemorrhage was significantly associated with abusive head trauma. This 
association did not reach significance in the original meta-analysis 
 
Forest plot depicting the association between cerebral oedema and abusive head trauma in 
children 
 
Cerebral oedema was significantly associated with abusive head trauma 
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Forest plot depicting the association between intraparenchymal haemorrhage and abusive 
head trauma in children 
 
Intraparenchymal haemorrhage was not significantly associated with abusive or non-abusive 
head trauma. N.B the original meta-analysis included all focal parenchymal injury, which was 
also not significantly associated with abusive or non-abusive head trauma 
 
Forest plot depicting the association between hypoxic ischaemic injury and abusive head 
trauma in children 
 
Hypoxic ischaemic injury was significantly associated with abusive head trauma 
 
 
 
 
 
 
 
 
 
 
 
 
466 
 
Forest plot depicting the association between closed head injury and abusive head trauma in 
children 
 
Closed head injury was significantly associated with abusive head trauma 
 
Forest plot depicting the association between diffuse axonal injury/shear injury and abusive 
head trauma in children 
 
Diffuse axonal injury/shear injury was significantly associated with abusive head trauma. This 
association could not be analysed in the original meta-analysis 
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Abstract  
Clinical prediction rules (CPRs) that predict the absolute risk of a clinical 
condition or future outcome for individual patients are abundant in the medical 
literature, however systematic reviews have demonstrated shortcomings in the 
methodological quality and reporting of prediction studies. To maximize the potential 
and clinical usefulness of CPRs, they must be rigorously developed and validated, and 
their impact on clinical practice and patient outcomes must be evaluated. This review 
aims to present a comprehensive overview of the stages involved in the development, 
validation and evaluation of CPRs, and to describe in detail the methodological 
standards required at each stage, illustrated with examples where appropriate. Important 
features of the study design, statistical analysis, modelling strategy, data collection, 
performance assessment, CPR presentation, and reporting are discussed, in addition to 
other, often overlooked aspects such as the acceptability, cost-effectiveness and longer-
term implementation of CPRs, and their comparison with clinical judgment. Although 
the development and evaluation of a robust, clinically useful CPR is anything but 
straightforward, adherence to the plethora of methodological standards, 
recommendations and frameworks at each stage will assist in the development of a 
rigorous CPR that has the potential to contribute usefully to clinical practice and 
decision-making and have a positive impact on patient care. 
 
Keywords: Clinical prediction rule, prediction model, risk model, model 
development, model validation, impact studies, model reporting, implementation, 
diagnosis, prognosis, study design 
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Background 
The aim of a clinical prediction rule (CPR) is to estimate the probability of a 
clinical condition or a future outcome by considering a small number of highly valid 
indicators [1, 2]. CPRs include three or more predictors, from patients’ clinical findings, 
history, or investigation results [3]. Their purpose is to assist clinicians in making 
decisions under conditions of uncertainty and enhance diagnostic, prognostic or 
therapeutic accuracy and decision-making, with the ultimate aim of improving the 
quality of patient care [1, 2, 4]. The predicted probabilities from a CPR allow clinicians 
to stratify patients into risk groups and help them to decide whether further assessment 
or treatment is necessary [5]. Some CPRs can help to ‘rule in’ a condition by identifying 
patients who are very likely to have a condition and who thus require additional 
diagnostic testing or treatment, whilst others aim to ‘rule out’ a condition by identifying 
patients who are very unlikely to have a condition, thus reducing unnecessary testing 
without compromising patient care [2, 4]. CPRs that aim to predict the probability of a 
condition being present are termed diagnostic or screening rules; those that aim to 
predict the probability of a future outcome are termed prognostic rules; and those that 
aim to predict the probability that a specific treatment or intervention will be effective 
are termed prescriptive rules [2].  
To maximize the predictive accuracy and clinical utility of CPRs, it is vital that 
they are rigorously developed, validated and evaluated. However, numerous systematic 
reviews have demonstrated shortcomings in the methodological quality and reporting of 
prediction studies, which restricts the CPR’s usefulness in practice [6-15]. 
Methodological standards for the development of CPRs were originally outlined by 
Wasson and colleagues [16]. With the increase in popularity of CPRs inspired by the 
evidence-based medicine movement, these standards have since been modified and 
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updated by a number of authors over the years [3, 4, 17-19]. Experts have provided 
thorough and accessible overviews of the principles and methods involved in 
conducting diagnostic and prognostic research [20-32] and devised frameworks to 
enhance the conduct and interpretation of prediction studies [33-35]. They have also 
provided guidance and recommendations for researchers to consider when developing 
and evaluating CPRs, without aiming to dictate how analyses should be conducted. 
These recognise that there is no clear consensus on many aspects of model 
development, that the field is continually evolving, and that methodological standards 
will therefore require updating accordingly [36]. Guidelines for the reporting of clinical 
prediction research have also been developed, namely, the Transparent Reporting of a 
multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD) 
guidelines [36].   
This review aims to outline the stages and methodological standards involved in 
the development and evaluation of CPRs, illustrated with examples where appropriate.  
 
Terminology used in this review  
In the literature the term ‘clinical prediction rule’ is used interchangeably with the 
terms clinical prediction tool [37], clinical decision rule [17], clinical decision tool [38], 
clinical prediction algorithm [39], prognostic score [40], prognostic model [21], risk 
prediction model [23], risk model [30], risk score [41], scoring tool [42], scoring system 
[43], or risk index [44]. Reilly and Evans [32] distinguish between assistive prediction 
rules that simply provide clinicians with diagnostic or prognostic predicted probabilities 
without recommending a specific clinical course of action, and directive decision rules 
that explicitly suggest additional diagnostic tests or treatment in line with the obtained 
score. Decision rules intend to directly influence clinician behaviour, while prediction 
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rules intend to help clinicians predict risk without providing recommendations, with the 
assumption that accurate predictions will lead to better decisions [32]. Some researchers 
also distinguish between prediction models that provide predicted probabilities along 
the continuum between certified impossibility (Pi=0) and absolute certainty (Pi=1) [45], 
and prediction rules that classify patients into risk groups, by applying a clinically 
relevant cut-off that balances the likelihood of benefit with the likelihood of harm [19, 
46]. Such cut-offs are known as ‘decision thresholds’; a threshold must be applied if a 
prediction model aims to influence decision-making [19]. In this review the term 
‘clinical prediction rule’ is used to refer to diagnostic, prognostic or prescriptive 
rules/models derived from multivariable statistical analyses, which predict the 
probability of a condition or outcome, with or without the use of a clinical cut-off or 
recommendation for further action.  
 
Stages in the development of clinical prediction rules  
It is widely acknowledged in the literature that there are three main stages in the 
development of CPRs (Figure 1); derivation; external validation; and impact analysis to 
determine their impact on patient care [4, 20, 22-25, 32, 33]. Stiell and Wells [17] 
identified a further three important stages, namely identifying the need for a CPR, 
determining the cost-effectiveness of a CPR, and long-term dissemination and 
implementation of a CPR. Therefore all six stages are summarised in Table 1 and 
discussed in detail below.  
Insert Table 1 
Detailed methodological and practical recommendations pertaining to the three 
main stages of development have been published, as each requires a different 
methodological approach [3, 4, 16-36]. These three stages also correspond to increasing 
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hierarchies of evidence, as outlined in Table 2 [4, 32, 33]. A CPR that has been derived, 
but not externally validated, corresponds to the lowest level of evidence and is not 
recommended for use in clinical practice, except arguably in rare instances when a CPR 
is developed for use in only one setting. It has been suggested that a CPR that has been 
successfully externally validated in a setting, or population, similar to the one from 
which it was derived (‘narrow’ validation), can be used cautiously in similar future 
patients [32]. Similarly, it is proposed that a CPR should be consistently successfully 
externally validated in multiple settings or populations (‘broad’ validation), before 
clinicians can use its predictions confidently in future patients [32]. Finally, it is 
recommended that an impact analysis is conducted and that the CPR demonstrates 
improvements to patient care, before it can be used as a decision rule for the 
management and treatment of patients [32]. Ideally the impact of a CPR should also be 
tested in multiple settings. Impact analysis studies correspond to the highest level of 
evidence [32].   
 
Table 2. Hierarchies of evidence in the development and evaluation of clinical 
prediction rules 
Level of Evidence Definitions and 
Standards of Evaluation 
Implications for 
Clinicians 
Level 1: Derivation of 
CPR 
 
Identiﬁcation of predictors 
using multivariable model; 
blinded assessment of 
outcomes. 
Needs validation and 
further evaluation before it 
is used clinically in actual 
patient care. 
Level 2: Narrow 
validation of CPR 
 
Validation of CPR when 
tested prospectively in one 
setting; blinded assessment 
of outcomes. 
Needs validation in varied 
settings; may use CPR 
cautiously in patients 
similar to derivation 
sample. 
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Level 3: Broad validation 
of CPR 
Validation of CPR in 
varied settings with wide 
spectrum of patients and 
clinicians. 
Needs impact analysis; 
may use CPR predictions 
with conﬁdence in their 
accuracy. 
Level 4: Narrow impact 
analysis of CPR used for 
decision-making 
 
Prospective demonstration 
in one setting that use of 
CPR improves clinicians’ 
decisions (quality or cost- 
effectiveness of patient 
care). 
May use cautiously to 
inform decisions in 
settings similar to that 
studied. 
 
Level 5: Broad impact 
analysis of CPR used for 
decision-making 
 
Prospective demonstration 
in varied settings that use 
of CPR improves 
clinicians’ decisions for 
wide spectrum of patients. 
May use in varied settings 
with conﬁdence that its use 
will beneﬁt patient care 
quality or effectiveness. 
 
Adapted from Reilly & Evans, 2016 [32]. CPR: clinical prediction rule  
 
Stage 1: Identifying the need for a clinical prediction rule 
Before developing a CPR, researchers need to ensure that there is a clinical need 
for the rule. CPRs are most valuable when decision-making is challenging, when there 
is evidence that clinicians are failing to accurately diagnose a condition, and when there 
are serious consequences associated with an incorrect diagnosis [2, 4]. CPRs are also 
valuable when there is a need to simplify or speed up the diagnostic or triage process, 
for example in patients presenting to the emergency department with chest pain and 
suspected acute cardiac ischaemia [47]. CPRs are most likely to be adopted into clinical 
practice, and to demonstrate improvements in patient care and reductions in health care 
costs, when they improve the overall efficiency of clinical practice [17]. For example, 
ankle injuries are frequently seen in the emergency department. Prior to the 
implementation of the Ottawa Ankle Rule, clinicians ordered a high proportion of 
radiographs that were negative for fracture, when the majority of them believed that a 
fracture was highly unlikely [48]. The rule was found to lead to a reduction in both 
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radiography [49] and health care costs [50], and in one survey 70% of Canadian and UK 
emergency department clinicians reported frequent use of the rule [51].  
Before developing a CPR, researchers should consider whether a new CPR is 
needed, as many are developed for the same target population or to predict the same 
outcome [8, 10, 11, 52-55]. The characteristics, performance and level of evidence of 
existing CPRs should be systematically reviewed using validated search filters for 
locating prediction studies, and the Critical Appraisal and Data Extraction for 
Systematic Reviews of prediction modelling studies (CHARMS) checklist [56, 57]. The 
recently published Prediction model Risk Of Bias ASsessment Tool (PROBAST) can be 
used to assess the risk of bias and applicability of CPRs [58]. Researchers can also 
assess the performance of existing CPRs on their own collected data [59]. Existing 
CPRs with potential should be updated, validated or tested in an impact study before a 
new CPR is developed [52, 60, 61]. If a new CPR is derived, researchers should clearly 
justify why it is required, with reference to existing CPRs, to avoid research waste and 
duplication of efforts [62]. Qualitative research with clinicians can be useful in 
determining whether a proposed CPR is clinically relevant, and to assess the credibility 
of the proposed predictor variables [63, 64].  
 
Stage 2: Derivation of a clinical prediction rule according to methodological 
standards  
Once a need for a new CPR is established, and a researcher has an appropriate 
clinical question, a CPR must be derived according to strict methodological standards 
[23]. There are various elements to consider, pertaining to the study design, statistical 
techniques employed, and the assessment, presentation and reporting of the CPR. 
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Researchers should consider writing and publishing a study protocol and registering the 
study prior to the derivation of a new CPR, in the interests of transparency [65, 66]. 
 
Study design for the derivation of a clinical prediction rule 
The first stage in the development of a CPR is the derivation of the rule. This 
involves an examination of the ability of multiple potential variables from the clinical 
findings, history, or investigation results to predict the target outcome of interest. 
Predicted probabilities are derived from the statistical analysis of patients with known 
outcomes, and the outcome of interest serves as the reference standard by which the 
performance of the CPR is assessed. The performance of a CPR is dependent upon the 
quality of the underlying data, and the dataset used to derive the CPR should be 
representative of the target population it is intended for [17, 30, 67, 68].  
The optimal study design for the derivation of a diagnostic CPR is a cross-
sectional cohort study, while for prognostic CPRs, the preferred design is a longitudinal 
cohort study [30]. In general, case-control studies are inappropriate, as they do not allow 
for the estimation of absolute outcome risk [21, 23, 69], however nested case-control or 
case-cohort studies can be used [69, 70]. Prospective cohort studies are preferred to 
retrospective cohort studies, to optimise measurement and documentation of predictive 
and outcome variables [21, 23]. For prescriptive CPRs, study designs that include a 
control group, such as randomised controlled trials (RCTs), are essential to ensure that 
treatment effect modifiers and non-specific prognostic predictors are distinguishable 
from one another [71, 72]. The study design should be adequately detailed and include 
the study setting, inclusion and exclusion criteria, and patient demographics and 
characteristics [17]. To enhance generalisability, multicentre studies are recommended 
[30]. 
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Statistical analysis 
Commonly used statistical methods for the derivation of CPRs include 
multivariable regression techniques, and recursive partitioning techniques, such as 
classification and regression tree analysis [73]. Methods based on univariable analysis, 
where individual risk factors are simply totalled and assigned arbitrary weightings, 
should be avoided, as they are much less accurate than methods based on multivariable 
analysis [74]. This is because the final model may include predictors that are potentially 
related to each other and not independently associated with the outcome of interest [74]. 
Multivariable methods overcome the limitations of univariable analysis by enabling 
improved assessment of the association of the predictors with the target outcome [74].  
In the case of multivariable regression, logistic regression models are required to 
predict binary events such as the presence or absence of a condition, while Cox 
regression models are suitable for time-to-event outcomes. Such models estimate 
regression coefficients (e.g. log odds or hazard ratios) of each predictor. Regression 
coefficients are mutually adjusted for the other predictors, and thus represent the 
contribution of each predictor to the probability of the outcome [23]. The probability of 
an outcome can be computed for a patient by combining the observed values of the 
predictors and their corresponding regression coefficients with the model intercept, or 
estimated baseline hazard [23]. For logistic models, the model intercept and the 
weighted values applicable to each patient are summed [16]. Specific values are 
assigned to each predictor, which are multiplied by the corresponding coefficients. In 
the case of a model with only binary categorical predictors, the predictors are multiplied 
by 0 or 1, depending on whether they are absent (0) or present (1), as per the model in 
Box 1 [75]. Exponentiating the final risk score gives the odds, and the probability 
(absolute risk) is calculated by use of the inverse logistic link function [76]. In this way, 
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the probability of an outcome can be estimated from any combination of the predictor 
values [36]. The estimated probability for an individual without any of the predictors 
depends only on the intercept [23]. In this case the value for each of the predictors will 
be 0; when each of these is multiplied by its relevant coefficient the value of 0 is 
retained [76]. For Cox regression models the baseline hazard is estimated separately 
[26, 29].  
 Recursive partitioning involves repeatedly splitting patients into subpopulations 
including only individuals with a specific outcome [77], and was the method used to 
derive the Ottawa Ankle Rule [78]. CPRs can also be derived using discriminant 
function analysis [3], and machine learning algorithms based on artificial neural 
networks [1]. Artificial intelligence and machine learning approaches are becoming 
increasingly more common [79, 80].  
 
Box 1. Clinical prediction rule for postoperative nausea and vomiting (PONV) [75] 
 
 
Missing data 
In clinical research, investigators almost always encounter missing observations 
involving predictor or outcome variables, even in carefully designed studies and in spite 
of their best efforts to maximize data quality [81]. There are three types of missing-data 
mechanisms: 1) Missing completely at random (MCAR) 2) Missing at random (MAR), 
and 3) Missing not at random (MNAR) [82]. When data are MCAR this means that 
there are no systematic differences between the missing and observed values; for 
example, laboratory tests may be missing because of a dropped test tube or broken 
Risk of PONV = 1/(1 + exp−[2.28 + 1.27 × female sex + 0.65 × history of PONV or 
motion sickness + 0.72 × non-smoking + 0.78 × postoperative opioid use]) 
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equipment. When data are MAR this means that the probability of a missing value 
depends on the observed values of other variables (but not the unobserved values); for 
example, missing blood pressure measurements may be lower than observed 
measurements because younger people may be more likely to have missing 
measurements; in this case data can be said to be MAR given age [83]. When data are 
MNAR this means that the probability of a missing value depends on the unobserved 
values or other unobserved predictors, conditional on the observed data; for example, 
people with high blood pressure may be more likely to miss a doctor’s appointment due 
to headaches [83]. Missing values are rarely MCAR, that is, their ‘missingness’ is 
usually directly or indirectly related to other subject or disease characteristics, including 
the outcome [23, 25]. Missing data is frequently addressed with case-wise deletion, 
which excludes all participants with missing values from the analysis [83]. However, 
when data are plausibly MAR, this reduces sample size and statistical power and biases 
the results [83], leading to inaccurate estimates of predictor-outcome relationships and 
the predictive performance of the model, since the participants with complete data are 
not a random subsample of the original sample [82, 84, 85].   
Multiple imputation is a popular approach to the problem of missing data [81, 
83, 84, 86-89], as it quantifies the uncertainty in the imputed values, by generating 
multiple different plausible imputed datasets, and pooling the results obtained from each 
of them [83, 89]. Multiple imputation involves three stages [83, 87, 89-91]. First, as the 
name suggests, multiple imputed datasets are created, based on the distribution of the 
observed data. This first stage accounts for uncertainty in estimating the missing values 
by adding variability into the values across the imputed datasets. In the second stage, 
standard statistical techniques are used to fit the models that are of interest in the 
substantive analysis to each of the imputed datasets. Estimated associations in each of 
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the imputed datasets will be different, due to the variability introduced in stage one. In 
the third and final stage, the multiple results are averaged together, and standard errors 
are calculated using Rubin’s combination rules [89], which account for both within-and 
between-imputation variability and the number of imputed datasets, and therefore the 
uncertainty of the imputed values. Multiple imputation typically assumes that data are 
MAR [91]. Importantly, the MAR assumption is just that; an assumption, rather than a 
property of the data [83]. The MCAR assumption can be tested, but it is not possible to 
differentiate between MAR and MNAR from the observed data [26, 83]. Most missing 
data are expected to be at least partly MNAR [83, 92, 93]. Sensitivity analyses can help 
to determine the effect of different assumptions about the missing data mechanism; 
work in this area is ongoing [94-98]. Other statistically principled approaches to dealing 
with missing data have been developed, based on random effects models [99, 100], 
Bayesian methods or maximum likelihood estimation [101], or, where data are 
longitudinal, joint models [102, 103]. Guidelines for reporting on the treatment of 
missing data in clinical and epidemiological research studies have been suggested by 
Sterne and colleagues [83]. Guidance also exists for handling missing data when 
deriving and validating CPRs [81, 104, 105]. It has been demonstrated that the outcome 
should be used for imputation of missing predictor values [85]. It is also becoming 
increasingly apparent that a real-time strategy to impute missing values is desirable 
when applying a CPR in clinical practice [106-108]. This is because one or more 
predictor variables may be unobserved for a particular patient, and thus the CPRs risk 
prediction cannot be estimated at the time of decision-making [106]. Real-time multiple 
imputation is not typically straightforward, as it requires access to the derivation dataset 
via, for example, a website [106, 108]. Of note, although multiple imputation is a 
widely advocated approach for handling missing data in CPR studies, a recent study 
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showed that implementing simpler imputation methods resulted in similar predictive 
utility of a CPR to predict undiagnosed diabetes, when compared to multiple imputation 
[109]. 
 
Selection of candidate predictors for inclusion in a multivariable model 
Candidate predictors are variables that are preselected for consideration in a 
multivariable model, and differ from those that are subsequently selected for inclusion 
in the final model [23]. Candidate predictors should be selected without studying the 
predictor-outcome relationship in the data; in other words, predictors should not be 
excluded as candidates solely because they are not statistically significant in univariable 
analysis [25, 26, 29, 110-112]. Predictor variables do not have to be causally related to 
the outcome of interest [21, 113]. Effects modelled in studies examining causality are 
expressed with relative risk estimates such as odds ratios, while risk predictions are 
presented as probabilities on an absolute scale between 0 and 1. Relative risk estimates 
are used in prediction research to calculate an absolute probability of an outcome for a 
patient, as described above, and can also be reported alongside risk predictions. All 
variables thought to be related to the target outcome can be selected as candidate 
predictors for inclusion in a multivariable model, however when the number of outcome 
events in the dataset is small, there is a risk of overfitting the data when a large number 
of predictor variables are included. Thus the CPR will perform well on the derivation 
data, but poorly on new data [29, 67, 111, 114]. CPRs with a smaller number of 
predictors are also easier to use in practice. To overcome this problem, only the most 
clinically relevant candidate predictors should be chosen from the larger pool of 
potential predictor variables, without looking into the data [5, 115]. In addition, sample 
size recommendations for studies deriving CPRs are often based on the concept of 
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events-per-variable (EVP), whereby the researcher controls the ratio of the number of 
outcome events to the number of coefficients estimated prior to any data-driven variable 
selection [31]. A rule-of-thumb of ten EPV has been suggested [29, 31, 112, 116]. 
Simulation studies examining the effect of this rule-of-thumb have yielded conflicting 
results [117-121]. One study found that when the EPV was less than ten there were a 
range of circumstances in which coverage and bias were within acceptable levels [117]. 
Another found that 20 EPV or more are required when low-prevalence predictors are 
included in a model [121], while another suggested that problems may arise even when 
the EPV exceeds ten, as CPR performance may depend on many other factors [118]. 
Research in this area continues to evolve, as new guidance is clearly needed to support 
sample size considerations for the derivation of CPRs [119]. Recently, van Smeden and 
colleagues have suggested that sample size should be guided by three influential 
parameters: the number of predictors, total sample size and the events fraction [120].   
Relevant predictors may be chosen based on a combination of clinical 
experience, expert opinion surveys, qualitative studies, and formal systematic reviews 
and meta-analyses of the literature [26, 33, 36, 63, 122]. Strategies for reducing the 
number of candidate predictors include removing those that are highly correlated with 
others, and combining similar predictors [29]. Other considerations include selecting 
predictors that will be readily available for clinicians to observe or measure in the target 
setting, and selecting predictors that are relatively easy to measure and demonstrate high 
inter-rater reliability between clinicians [17, 21]. In terms of handling continuous 
predictors, researchers strongly advise against converting continuous variables into 
categorical variables, due to information loss and reduced predictive accuracy [123-
126]. Similarly, it should not be assumed that continuous variables have a linear 
relationship [127]. Instead, methods that permit more flexibility in the functional form 
 
 
482 
 
of the association between the predictors and outcome should be considered [127, 128]; 
two common approaches are fractional polynomials and restricted cubic splines [129, 
130]. However, if sample size is limited, assuming a linear relationship between 
continuous variables may make a model less sensitive to extreme observations. 
Penalised regression can be used to alleviate the problem of overfitting [114]. 
This approach involves placing a constraint on the values of the estimated regression 
coefficients in order to shrink them towards zero [114]. This has the effect of yielding 
less extreme risk predictions, and thus may improve the accuracy of predictions when 
the CPR is applied in new patients [111, 131]. The two most popular penalised methods 
are ridge regression [132] and lasso regression [133]. Unlike ridge regression, lasso 
regression also selects predictors as a consequence of its penalisation [114]. Ridge 
regression is usually preferred when a set of pre-specified predictors is available, while 
lasso regression may be preferred if a simpler model with fewer predictors is required 
[114, 131].  
 
Selection of predictors during multivariable modelling  
There is no consensus regarding how predictors should be selected while 
developing the final model [25]. Two common strategies include the ‘full model 
approach’ and the ‘predictor selection approach’ [23]. An alternative approach, known 
as ‘all possible subsets regression’, is less commonly used [28]. In the full model 
approach, all previously identified candidate predictors are included, and no further 
analysis is performed. Although this approach precludes selection bias and overfitting, it 
requires in-depth knowledge about the most relevant candidate predictors [26, 29]. In 
the predictor selection approach, predictors are chosen either by ‘backward elimination’ 
or ‘forward selection’, based on pre-defined criteria. Backward elimination begins with 
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all predictors in the model and removes predictors, while forward selection begins with 
an empty model, and predictors are added successively. All possible subsets regression 
can build models with combinations of predictors not generated by the standard forward 
or backward procedures, because every conceivable combination of predictors is 
assessed to find the best fitting model [134]. With all methods, a series of statistical 
tests are performed to assess the ‘goodness of fit’ between the different models. Models 
can be compared by setting a pre-defined significance level and using the log likelihood 
ratio test, or using other model selection criterion such as the Akaike information 
criterion, or the Bayesian information criterion [23, 25]. Backward elimination is 
favoured, as it allows for the assessment of the effects of all predictors concurrently, and 
can take into account all correlations between predictors [135, 136]. Multiple testing in 
all possible subsets regression can easily lead to overfitting. However, with all methods, 
the choice of significance level impacts upon the number of final predictors; the use of 
smaller significance levels (e.g. p<0.05) produces models with fewer predictors at the 
risk of excluding potentially important predictors, while the use of larger significance 
levels (e.g. p<0.25) may result in the inclusion of less important predictors [25].  
Predictor selection by so-called ‘automated’, data-dependent significance testing 
may generate overfitted, ‘optimistic’ models, particularly when the derivation dataset is 
small [23, 28, 126, 137, 138]. Thus, the Akaike information criterion is preferred, as it 
discourages overfitting by comparing models based on their fit to the data and 
penalising for the complexity of the model [25]. In addition, it may be acceptable to 
retain a non-significant predictor in a model, if there is substantial evidence of its 
predictive ability in the literature [26].  
 
Definition and assessment of predictor and outcome variables 
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To ensure that the CPR can be accurately applied in practice, predictor and 
outcome variables should be clearly defined, and outcome variables should be clinically 
important [17]. Predictor variables must be reliable to enable their assessment in clinical 
practice; reliability refers to the reproducibility of the findings by the same clinician 
(intra-rater reliability) or between different clinicians (inter-rater reliability). Some 
researchers recommend that the reliability of predictor variables be explicitly evaluated, 
and that only those demonstrating good agreement beyond that expected by chance 
alone should be considered for inclusion [17]. A recent study found that measurement 
error of predictor variables is poorly reported, and that researchers seldom state 
explicitly when the predictors should be measured, and the CPR applied [139]. Another 
study demonstrated that predictor measurement heterogeneity across settings can have a 
detrimental impact on the performance of a CPR at external validation [140]. Ideally, 
the outcome variable should be assessed independently of the predictor variables to 
avoid circular reasoning or ‘incorporation bias’, when the results of the CPR or its 
predictor variables are used in the determination of the outcome [141]. However, it is 
acknowledged that this is not always possible, particularly for conditions that require a 
consensus diagnosis based on all available patient information [142]. It is well known 
that misclassification in the outcome variable may cause serious problems with 
prediction accuracy [143, 144]. 
 
Internal validation 
Prediction models are known to perform better in the dataset from which they are 
derived, in comparison to applying them in new but plausibly related patients [145, 
146]. ‘Plausibly related patients’ may be defined as those who are suspected of having 
the same condition or who are at risk of the same outcome examined in the derivation 
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study [147]. This enhanced performance occurs simply because a model is designed to 
optimally fit the available data [23]. The performance of a model is most likely to be 
overestimated when the derivation dataset is small, and uses a large number of 
candidate predictors. Therefore, regardless of the approaches used in the derivation 
stage of development, internal validation is required to examine and correct the amount 
of overfitting or ‘optimism’ in the model, and thus the stability of the model [23].  
Internal validation does not validate a model itself, but the process used to fit the 
model [26, 29]. Optimism is estimated using the original derivation dataset only. A 
number of methods are available for this purpose, including split-sampling, cross-
validation, and bootstrapping. Split-sampling is the simplest method, and is performed 
by dividing the derivation dataset into a ‘training’ sample and a ‘test’ sample prior to 
modelling. The CPR is then derived using the training sample, and its performance is 
assessed using the test sample [20]. However, the test sample usually comprises one 
third of the original derivation dataset and is likely to be relatively small, resulting in 
imprecise performance estimates [148, 149]. This approach also squanders the test data 
that could have been used in the derivation of the CPR [23, 149]. In cross-validation, 
the CPR is derived using the whole derivation dataset, and the whole dataset is then 
reused to assess performance [20]. It is randomly split into equal samples: five or ten 
samples are commonly used. In the case of five samples, the model is refitted using four 
of the five samples and its performance tested using the fifth; this process is repeated 
five times until each of the five samples has been used as the test data, and an average 
of the estimated performance is taken. To improve stability, the overall procedure can 
be replicated several times, using different random subsamples [148]. The preferred 
internal validation method is bootstrapping, particularly when the derivation dataset is 
small or a large number of candidate predictors are assessed [23, 29]. The idea is to 
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mimic random sampling from the target population by repeatedly drawing samples of 
the same size with replacement from the derivation dataset [150]. Sampling with 
replacement renders bootstrap samples similar, but not identical, to the original 
derivation sample [23]. Each step of model development is repeated in each bootstrap 
sample (typically 500), most likely yielding different models with varying performance. 
Each bootstrap model is then applied to the original derivation sample, yielding a 
difference in model performance. The average of these differences indicates the 
optimism in the performance metrics of the model that was initially derived in the 
derivation dataset [23, 26, 29, 150], and enabling adjustment of the overall performance 
to better approximate the expected model performance in novel samples [23]. 
Bootstrapping also estimates a uniform shrinkage factor to enable adjustment of the 
estimated regression coefficients for over-fitting [26, 29, 150]. However, no internal 
validation procedures can be a substitute for external validation; internal validation only 
addresses sampling variability, while external validation considers variation in the 
patient population [146]. 
 
Clinical prediction rule performance measures 
CPR predictive performance can be assessed in terms of overall performance, 
calibration, and discrimination [26]. ‘Overall performance’ can be quantified by 
calculating the distance between observed and predicted outcomes, using measures such 
as R2 or the Brier score [151]. ‘Calibration’ reflects the agreement between the predicted 
probabilities produced by the model and the observed outcome frequencies [23]. For 
example, if a model predicts a 20% probability of residual tumour for a testicular cancer 
patient, residual tumour should be observed in about 20 out of 100 of these patients 
[46]. ‘Internal calibration’ refers to agreement between predicted probabilities and 
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observed outcome frequencies in the derivation dataset, where poor calibration may 
indicate lack of model fit or model misspecification [152]. ‘External calibration’ refers 
to agreement between predicted probabilities and observed outcome frequencies in 
novel datasets external to the one from which the model was derived, where poor 
calibration may indicate an overfitted model [152]. Calibration can be visualised by 
categorising individuals into quantiles based on their predicted probabilities, and 
plotting the observed outcome frequencies against the mean predicted probabilities [25]. 
Such a plot is the graphical equivalent of the Hosmer and Lemeshow goodness-of-fit 
test [153], which, although frequently used, may lack statistical power to identify 
overfitting [25, 26]. Alternatively, binary outcomes can be regressed on the predicted 
probabilities of the fitted model to estimate the observed outcome probabilities using 
smoothing techniques such as the loess algorithm [29, 152]. A comprehensive overview 
of calibration is given in Van Calster et al. [154].  
Discrimination reflects the ability of a CPR to discriminate between patients 
with, and without, the outcome of interest. The predicted probabilities for patients with 
the outcome should be higher than the predicted probabilities for those who don’t have 
the outcome [46]. The easiest way to assess discrimination is by calculation of the 
discrimination slope, which is simply the absolute difference in the average predicted 
probabilities for patients with and without the outcome [26]. Discrimination can also be 
visualized with a simple box plot. The most widely used measure to assess 
discrimination is the concordance index (c-index) [155], or, for logistic models its 
equivalent, the Area Under the Receiver Operating Characteristic curve (AUROC) 
[156]. These measures represent the chance that, given one patient with the outcome 
and one without, the CPR will assign a higher predictive probability to the patient with 
the outcome compared to the one without. A c-index or AUROC of 0.5 indicates 
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predictions that are no better than random predictions, and a value of 1 represents 
perfect discrimination between patients with and without the outcome [29]. In theory, a 
CPR may demonstrate good discrimination (classifying patients into the correct risk 
categories), but poor calibration (inaccurately estimating the absolute probability of an 
outcome), and vice versa [157]. A model that cannot discriminate between patients with 
and without the outcome has little use as a CPR, however poor calibration can be 
corrected without compromising discriminatory performance [19, 112]. Van Calster and 
Vickers [158] found that poorly calibrated models diminish the clinical usefulness of a 
CPR, and can be harmful for clinical decision-making under certain circumstances, 
emphasizing the importance of developing well-calibrated CPR’s. On the other hand, a 
CPR with poor calibration but good discrimination at a particular risk threshold may be 
appropriate if the aim is to prioritise patients for assessment or treatment, by identifying 
those with a very low risk of the target outcome relative to the rest of the population 
[159].  
Performance measures such as sensitivity, specificity, positive and negative 
predictive values, and positive and negative likelihood ratios, are used to assess 
performance following the application of a risk threshold. Choosing a risk threshold can 
often be arbitrary, and it can therefore be useful to consider a range of thresholds when 
assessing performance [19]. Ideally a CPR will have both a high sensitivity and a high 
specificity, and therefore correctly identify the majority of patients who truly have the 
condition, as well as correctly exclude the majority of patients who do not actually have 
the condition. However, this scenario rarely occurs in clinical practice. More often than 
not, the definition of a threshold is based on clinical considerations about the relative 
consequences of false positive and false negative classifications. Sensitivity and 
specificity are inversely proportional, so that as sensitivity increases, specificity 
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decreases and vice versa [160]. Defining a high cut-off point will result in good 
specificity and few false positives, but poor sensitivity and many false negatives. A test 
with a high specificity is useful for ruling in a disease if a person tests positive. This is 
because it rarely misdiagnoses those who don’t have the condition of interest. Defining 
a low cut-off point will result in good sensitivity and few false negatives, but poor 
specificity and many false positives. A test with a high sensitivity is useful for ruling 
out disease if a person tests negative. This is because it rarely misdiagnoses those who 
have the condition of interest [160]. Receiver Operating Characteristic (ROC) curves 
display the sensitivity and specificity of a CPR across the full range of cut-off values, 
and can be used to choose an optimal cut-off threshold [161]. Other approaches to 
determining clinical cut-offs have also been proposed [162].  
In recent years, some novel model performance measures have been proposed 
that quantify the clinical usefulness of a CPR, by taking into account the costs and 
benefits of clinical decisions. These measures include relative utility curves and 
decision curves [163, 164]. Decision curves in particular are becoming a popular 
method of evaluating whether clinical decisions based on CPRs would do more good 
than harm [165]. Decision curve analysis assumes that a given probability threshold is 
directly related to the cost to benefit ratio, and uses this threshold to weight false 
positive and false negative predictions. The cost to benefit ratio thus defines the relative 
weight of false-positive decisions to true-positive decisions [163]. Model performance 
can subsequently be summarized as a net benefit, by subtracting the proportion of false-
positive patients from the proportion of true-positive patients, weighting by the relative 
costs of a false-positive and a false-negative result. The net benefit of a CPR can be 
derived across and plotted against the whole range of threshold probabilities, yielding a 
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decision curve, similar to ROC curves that plot the full range of cut-offs for a 
sensitivity/specificity pair [163]. 
 
Presentation of a clinical prediction rule 
The final step in the derivation of a CPR is to consider the format in which it 
should be presented. It is imperative that the regression coefficients and intercept of a 
final model are presented, and confidence intervals around predicted probabilities can 
also be provided [23, 26]. If the final regression formula (as in Box 1) is not provided, a 
CPR could not be applied by future users [36]. A model can be developed into a simple 
web-based calculator or application to enhance the usability of a CPR. This may be 
beneficial for complex CPRs, and would facilitate their integration into the electronic 
health record, allowing them to be used at the point of clinical care [166]. Nomograms, 
graphical decision trees, and other novel visualization techniques could also be used 
[26, 167], which may aid in the interpretation and understanding of a CPR [167], 
however these must be presented alongside the full model formula. Scoring systems are 
often used to simplify CPRs and facilitate use, where regression coefficients are 
converted to integer point values that can be easily totalled and related back to the 
predicted probabilities [168]. However, this transformation leads to a loss of 
information and therefore reduced predictive accuracy [169]. 
 
Reporting the derivation of a clinical prediction rule 
Numerous systematic reviews have shown that reporting of the derivation of 
CPRs is deficient [6-8]. As a result, the TRIPOD guidelines were produced [36], and 
should be followed by all researchers working in this field.  
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Stage 3: External validation and refinement of a clinical prediction rule 
As previously noted, CPRs perform better in the dataset from which they are 
derived compared to their application in plausibly related or ‘similar but different’ 
individuals, even after internal validation and adjustment [24]. Diminished performance 
can be due to overfitting, unsatisfactory model derivation, the absence of important 
predictors, differences in how the predictor variables are interpreted and measured, 
differences in the patient samples (‘case mix’), and differences in the prevalence of the 
disease [26, 147]. There is no guarantee that even well-developed CPRs will be 
generalisable to new individuals. In one external validation study a CPR to detect 
serious bacterial infections in children with fever of unknown source demonstrated 
considerably worse predictive performance, such that it was rendered useless for clinical 
care [145]. It is therefore essential to assess the performance of a CPR in individuals 
outside the derivation dataset; this process is known as external validation [28].  
External validation is not simply repeating the steps involved at the derivation 
stage in a new sample to examine whether the same predictors and regression 
coefficients are obtained; neither is it refitting the model in a new sample and 
comparing the performance to that observed in the derivation sample [24, 31]. External 
validation involves taking the original fully specified model, with its predictors and 
regression coefficients as estimated from the derivation study; measuring and 
documenting the predictor and outcome variables in a new patient sample; applying the 
original model to these data to predict the outcome of interest; and quantifying the 
predictive performance of the model by comparing the predictions with the observed 
outcomes [20]. Performance should be assessed using calibration, discrimination, and 
measures to quantify clinical usefulness such as decision curve analysis [163]. A CPR 
can also be refined if it demonstrates poor performance in an external validation study. 
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Regrettably, few CPRs are externally validated [27, 170, 171]. A systematic review of 
CPRs for children identified 101 CPRs addressing 36 conditions; of these, only 17% 
had narrow validation and only 8% had broad validation [170]. 
 
Study design for the external validation of a clinical prediction rule  
Ideally, a validation study should be conducted prospectively, by enrolling new 
individuals in a specifically predesigned study, and the CPR should be applied to all 
patients meeting the study inclusion criteria [17, 23]. However, validation studies can be 
conducted retrospectively, using existing datasets. if adequate data on the predictor and 
outcome variables is available [23]. Investigators conducting a validation study should 
receive brief training on the accurate application of the CPR. If possible, all patients 
should be subjected to the reference standard, to establish their true outcome and enable 
comparison with the CPR prediction. However, in some cases this may not be feasible 
or practical, and an appropriate and sensible proxy outcome may be used instead [172]. 
Stiell and Wells [17] recommend that the inter-rater reliability of the interpretation of 
the CPR result is assessed, to determine if the CPR is being applied accurately and 
consistently. In terms of sample size, for a logistic regression model with six predictors, 
a minimum of 100 patients with the outcome of interest and 100 patients without the 
outcome of interest has been suggested [173]. Other authors propose that external 
validation studies require a minimum of 100 events, but ideally 200 events [174]. A 
minimum of 200 events and 200 non-events has been suggested in order to reliably 
assess moderate calibration and produce useful calibration plots [154]. The 
characteristics of patients included in a validation study should be described in detail, 
and compared with those included in the derivation study. To enhance the interpretation 
of external validation studies, it is possible to quantify the degree of relatedness 
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between derivation and validation datasets, to determine the extent to which the CPR 
can be generalised to different populations [34]. Authors have also proposed benchmark 
values to distinguish between a case-mix effect and incorrect regression coefficients in 
external validation studies, and therefore assist in the interpretation of a CPR’s 
performance in validation samples [175]. Similarly, a model-based concordance 
measure has recently been derived that enables quantification of the expected change in 
a CPR’s discriminative ability owing to case-mix heterogeneity [176].  
 
Types of external validation 
Many types of external validation are recognized in the literature, but all types 
consider patients that differ in some respect from the patients included in the derivation 
study [26]. The greater the differences between the patients in the derivation and 
validation samples, the stronger the test of generalisability of the CPR [24]. Three types 
of external validation have received the most attention, namely temporal validation, 
geographical validation and domain validation [147].  
In temporal validation studies, the CPR is tested on patients in the same 
centre(s) but over a different time period [146]. Geographical validation studies 
examine the generalisability of the CPR to other centres, institutes, hospitals or 
countries [146]. Patient characteristics are likely to vary between locations, and 
predictor and outcome variables are likely to be interpreted and measured differently in 
different places, leading to greater differences between the derivation and validation 
populations than in a temporal validation study [24, 147]. In domain validation the CPR 
is tested in very different patients than those from whom it was derived, for example in 
patients from a different setting (e.g. primary or secondary care), or in patients of 
different ages (e.g. adults vs. children). The case mix of patients included in a domain 
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validation study will clearly differ from the derivation population [147]. Differences 
between the derivation and validation populations are generally smallest in a temporal 
validation study, and greatest in a domain validation study; therefore good performance 
of a CPR in a temporal validation study may only provide weak evidence that the CPR 
can be generalised to new patients, while good performance in a domain validation 
study can be considered as the strongest evidence of generalisability [147]. Other types 
of external validation studies include methodologic validation which refers to testing 
using data collected via different methods, spectrum validation which refers to testing in 
patients with different disease severity or prevalence of the outcome of interest, and 
fully independent validation which refers to testing by independent investigators at 
different sites [26, 146]. A recent study of cardiovascular risk CPRs found that very few 
were externally validated by independent researchers; to increase the chance of fully 
independent validation, researchers should report all the information required for risk 
calculation, to ensure replicability [177].Some authors have found that CPRs 
demonstrate worse performance in fully independent external validation studies 
compared to temporal or geographical external validation studies [26, 28], while others 
have found no difference [178]. When multiple external validations of a CPR have been 
performed, it is useful to conduct a formal meta-analysis to summarize its overall 
performance across different settings and to assess the circumstances under which the 
CPR may need adjusting; a recently published framework provides guidance on how to 
do this [35]. 
 
Refinement of a clinical prediction rule: model updating or adjustment  
When researchers encounter an inferior performance of a CPR in an external 
validation study compared with that found in the derivation study, there is a temptation 
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to reject the CPR and derive an entirely new one in the often considerably smaller 
validation dataset [147, 179]. This approach leads to a loss of scientific information 
captured in the derivation study and an abundance of CPRs developed for the same 
clinical situation, leaving clinicians in a quandary over which one to use [24, 147]. 
However, a reduction in performance is to be expected in an external validation study 
[24, 26, 147]. The recommended alternative is to update, adjust or recalibrate the CPR 
using the validation data, thereby combining information captured in the original CPR 
with information from new patients and improving generalisability [22, 180, 181]. 
Several methods for updating CPRs are available. When the outcome prevalence in the 
validation study is different to that in the derivation study, calibration in the validation 
sample will be affected, but can be improved by adjusting the baseline risk (intercept) of 
the original model to the patients in the validation sample [179]. If the CPR is overfitted 
or underfitted, calibration can be improved by simultaneously adjusting all of the 
regression coefficients [24]. To improve discrimination, individual regression 
coefficients can be re-estimated, or additional predictors can be added [24, 179]. Ideally, 
updated CPRs that are adjusted to validation samples should themselves be externally 
validated, just like newly derived CPRs [147].  
 
Comparing the performance of clinical prediction rules 
Once a CPR has been externally validated, it is useful to compare its performance 
with the performance of other existing CPRs for the same condition [59]. Improvements 
in discrimination can be assessed by quantifying the difference in the AUROC or 
equivalent c-index between two CPRs [182], however this approach is inappropriate in 
the case of nested models that are fitted in the same data set [183]. Novel metrics have 
been proposed that quantify the extent to which a new CPR improves the classification 
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of individuals with and without the outcome of interest into predefined risk groups [46]. 
These include the Net Reclassification Improvement (NRI), and the Integrated 
Discrimination Improvement (IDI) [184]. Various decision-analytic approaches to 
model comparison have also been proposed [185]. All of these measures can be used for 
comparing both nested and non-nested models. However, both the NRI and IDI 
statistics have come under intense scrutiny in the literature and many researchers 
caution against their use, as positive values may arise simply due to poorly fitted models 
[30, 186-190]. Therefore, the NRI and IDI statistics cannot be recommended [191]. 
Decision-analytic methods are increasingly recommended as they incorporate 
misclassification costs and therefore indicate the clinical usefulness of CPRs [185]. A 
systematic review of comparisons of prediction models for cardiovascular disease found 
that formal and consistent statistical testing of the differences between models was 
lacking and that appropriate risk reclassification measures were rarely reported [192]. A 
recent commentary provides a useful and comprehensive overview of the advantages 
and disadvantages of the various methods available for quantifying the added value of 
new biomarkers [193]. 
 
Reporting the external validation of a clinical prediction rule 
External validation studies of CPRs are often poorly reported [9]; researchers 
should adhere to the TRIPOD checklist and accompanying guidelines [36]. 
 
Stage 4: Impact of a clinical prediction rule on clinical practice  
Since the ultimate aim of a CPR is to improve the quality of patient care, the 
effect of a validated CPR on clinician behaviour and patient outcomes should be 
examined in what are known as impact analysis studies [22, 24]. It is increasingly 
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recognised that CPR’s should be regarded as complex interventions, as the introduction 
of a CPR into clinical practice with subsequent management decisions consists of 
multiple interacting components [106, 194-200]. The impact of a CPR on clinical 
practice will depend on several interacting factors, including the accuracy and 
applicability of the CPR, clinicians’ interpretation of probabilities, and clinicians’ 
adherence to and acceptance of the CPR [195]. Evaluating the impact of a CPR has been 
described as ‘the next painful step’ in the development process [201]. Impact analysis 
studies clearly differ from validation studies as they must be comparative, typically 
requiring a control group of clinicians providing usual care [22, 24, 32]. It is possible to 
assess the impact of both assistive CPRs that simply provide predicted probabilities, and 
directive decision rules that suggest a specific course of action based on probability 
categories [32]. Assistive CPRs respect clinicians’ individual judgment and leave room 
for intuition, whereas directive rules may be more likely to influence clinician 
behaviour [32, 202, 203]. However it is not guaranteed that clinicians will follow CPR, 
or the recommendations provided by directive rules [32]. Therefore an impact study 
must demonstrate that clinical behaviour can be altered and patient care improved by 
the CPR, prior to widespread dissemination and implementation [17].  
Unfortunately, even fewer CPRs undergo an impact assessment than undergo 
external validation. In the systematic review of 101 CPRs for children, none had impact 
analysis performed [170]. An evaluation of 434 primary care CPRs found that only 12 
had undergone impact analysis [171]. A subsequent systematic review of the impact of 
primary care CPRs found 18 studies relating to 14 CPRs, with 10/18 studies 
demonstrating an improvement in primary outcome when the CPR was used compared 
to usual care [204]. This review cautioned that the small number of impact analysis 
studies found, precluded the possibility of drawing firm conclusions about the overall 
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effectiveness of CPRs in primary care, with the authors pointing out that the 
methodological quality of the included studies was unclear due to incomplete reporting 
[204]. Another recent systematic review of the impact of CPRs found that the 
intermediate consequences of a CPR such as clinical management decisions were the 
primary outcome in the majority of studies, while few studies aimed to establish the 
effect of a CPR on patient outcomes [205]. In addition, in many of the included studies, 
the risk of bias was either high or unclear [205]. Finally, a study describing the 
distribution of derivation, validation and impact studies in four reviews of leading 
medical journals since 1981 demonstrated that a minority of studies concerned CPR 
impact (10/201), with the pattern remaining stable over time [27].  
 
Study design for an impact analysis 
Before carrying out a formal impact study, researchers must consider whether the 
CPR is ready for implementation [106, 206]. If possible, the predictive performance of 
the CPR should be verified in the new setting, and the CPR tailored to the new setting to 
enhance performance [106]. The optimal study design for an impact analysis is a cluster 
randomised trial with centres as clusters [22]. Randomising individual patients is not 
recommended as clinicians may learn the rule and apply it to patients randomised to the 
control group [22]. Randomising clinicians is preferable but requires more patients, and 
may lead to contamination of experience between clinicians in the same centre [24, 
207]. An attractive variant of a cluster randomised trial is the stepped-wedge cluster 
randomised trial. In a stepped-wedge design, all centres apply care-as-usual, and then 
use the CPR at different, randomly allocated time periods [208]. This design allows for 
the comparison of outcomes both within and between hospitals, generates a wealth of 
data regarding potential barriers to implementation, and is particularly beneficial if the 
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CPR turns out to have a promising effect [209]. When the outcome of interest in an 
impact study is clinician behaviour or decision-making, a cross-sectional randomised 
study without patient follow-up is sufficient, with randomisation at either the patient or 
clinician level. However, to determine the impact of a CPR on patient outcomes or cost-
effectiveness, follow-up of patients is essential [22]. 
Given the significant practical, logistic and economic challenges associated with 
cluster randomised trials, non-randomised approaches are possible and are often used. 
Cluster randomised trials can be expensive and time-consuming and it may be difficult 
to recruit an adequate number of clusters [24, 106]. A suggested rule-of thumb is to 
regard four clusters per arm as the absolute minimum number required [210], however 
methods for determining sample size in cluster randomised trials have been proposed by 
a number of authors [211-213]. A popular design is a before–after study, in which 
outcomes are assessed in a time period before a CPR is available and compared with 
outcomes measured in a time period after it is introduced; this design is susceptible to 
temporal confounding [24]. Finally, a relatively low-cost and simple design is a before–
after study within the same clinicians. In this design, clinicians are asked to indicate 
their treatment or management decision or perceived risk of disease for the same patient 
both before, and after, receiving the CPR prediction [24]. Single centre impact studies 
are recommended to inform the planning of multicentre randomised trials [32]. As with 
derivation and validation studies, a sample size calculation should be performed, with 
consideration of all relevant impact measures, and where possible assessment of 
outcome measures should be blinded to the CPR predictions and recommendations [32, 
33]. Clinicians must undergo training in order to correctly interpret and use the CPR 
[17].  
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The impact of CPRs can also be estimated indirectly using decision analytic 
modelling, which integrates information on CPR predictions and information about the 
effectiveness of treatments from therapeutic intervention studies [214, 215]. Such 
studies cost less, and take less time, than RCTs, however they are limited by the quality 
of available evidence, and only provide theoretical indications of the impact CPRs may 
have on patient outcomes. Thus it has been suggested that they should not replace RCTs 
but rather be performed as an intermediate step prior to an RCT [216].  
 
Measures of impact of a clinical prediction rule 
During an impact analysis study the sensitivity and specificity of the CPR should 
be recalculated to determine its accuracy in the new study population [17]. However, 
measures of CPR accuracy are not synonymous with measures of impact, and only 
represent the potential impact of the CPR [32]. This is because clinicians are unlikely to 
follow the logic of the CPR or its recommendations in every case; they may not use the 
CPR at all, they may not use it correctly, they may deliberately disregard its predictions 
or suggestions, or they may be unable to use it for other reasons [32]. Measures that are 
assessed in traditional RCTs include safety, which refers to any adverse events resulting 
from the implementation of an intervention, and efficacy, which relates to the extent 
that an intervention helps to improve patient outcomes, for example by reducing 
mortality rates [217]. In addition, Reilly and Evans [32] propose that the impact of a 
CPR is assessed in terms of its ‘safety’ and ‘efficiency’, where safety is defined as the 
proportion of patients found to have the outcome of interest and who received the 
appropriate intervention, and efficiency is defined as the proportion of patients without 
the outcome of interest and who did not receive the intervention. The sensitivity and 
specificity of a CPR will only be the same as its safety and efficiency if clinicians 
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follow the logic and recommendations of the CPR exactly [32]. Therefore, in an impact 
analysis study a CPR may demonstrate more, or less, actual impact than its potential 
impact. The effect of clinicians’ incorrect use of the CPR, or their deviations from its 
logic or suggestions can provide important insights into its impact under specific 
circumstances, and may reveal complex interactions between clinicians and the CPR 
[32]. For example, Reilly and colleagues [218] found that when clinicians did not 
consult a CPR for suspected acute cardiac ischemia at all, or overruled its 
recommendations, their decisions were less efficient than if they had followed the CPR 
in every case. 
 
Acceptability of a clinical prediction rule 
If the use of a CPR is warranted but it is not used, the considerable time, money 
and effort that goes into its development and evaluation is wasted. Assessing the 
acceptability of a CPR is therefore crucial for successful implementation. Even valid 
and reliable CPRs may not be accepted or used by clinicians [17]. Impact studies allow 
researchers to evaluate the acceptability of a CPR to clinicians, patients, or others who 
may use it, as well as its ease of use and barriers to its uptake [22]. If a CPR proves to 
be acceptable, its long-term and widespread dissemination and implementation would 
be justified; if not, the CPR could undergo modification and further evaluation [219]. 
Acceptability of a CPR and attitudes towards it can be determined via survey, 
qualitative, simulation or clinical vignette studies [33, 219-222]. The validated Ottawa 
Acceptability of Decision Rules survey instrument can be used both to measure the 
overall acceptability of a CPR, and to assess specific barriers to its use, which can 
inform potential improvements to the CPR as well as the design of dedicated 
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implementation strategies [219]. Qualitative studies can be invaluable for determining 
the acceptability of a CPR but are relatively rare [199, 220, 222-225]. 
 
Comparison of a clinical prediction rule with unstructured clinical judgment 
For a CPR to improve the diagnostic accuracy of clinicians, its performance in 
distinguishing between patients with and without the condition of interest should be 
superior to that of unstructured clinical judgment alone. Therefore a vital metric is the 
comparison of the accuracy of the CPR predicted probabilities of disease, or 
recommended decisions, with the accuracy of clinicians own estimated disease 
probabilities or management decisions [18]. The sensitivity and specificity of clinicians’ 
predictions or decisions are generally measured under usual practice, and compared to 
the sensitivity and specificity of the CPR predictions or decisions when applied to the 
same patients [226, 227]. Some studies have used clinical vignettes [228] while others 
have used multivariable logistic models to assess the added value of a CPR over and 
above clinical judgment alone [229]. If it can be demonstrated that the performance of a 
CPR is superior to unaided clinician judgment, this may aid clinicians’ acceptance and 
use of the CPR [32]. Although comparison of a CPR to clinician suspicion regularly 
takes place at the impact analysis stage, some researchers have recommended that this is 
carried out during the derivation or validation stages, arguing that if the CPR does not 
add anything beyond clinical judgment, then the use of the CPR and an impact study 
would not be warranted [230]. In addition, Finnerty and colleagues [231] recommend 
that comparison is undertaken in multiple settings, as the performance of a CPR may be 
superior to clinical judgment in certain settings, but inferior or no different in other 
settings. A recent systematic review comparing CPRs with clinical judgment concluded 
that the differences between the two methods of judgment are likely due to different 
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diagnostic thresholds, and that the preferred judgment method in a given situation 
would therefore depend on the relative benefits and harms resulting from true positive 
and false positive diagnoses [232]. Brown and colleagues’ [199] found that the use and 
potential advantages of a CPR may be much more complex than originally thought, and 
that CPRs may be useful for purposes not previously reported, such as enhancing 
communication with colleagues and patients, and medico-legal purposes. Recent studies 
in the child protection field have demonstrated that CPRs may provide clinicians with 
additional confidence in their decision-making, even if they do not alter their 
management actions based on the CPRs risk prediction [220, 233]. 
 
The four phases of impact analysis for clinical prediction rules 
Despite the abundance of methodological guidelines for the derivation and 
validation of CPRs [26], there is a lack of clear guidance for the design, conduct and 
reporting of impact analysis studies of CPRs. To this end, Wallace and colleagues [33] 
formulated an iterative four-phased framework for the impact analysis of CPRs, 
specifying the importance of substantial preparatory and feasibility work prior to the 
conduct of a full-scale formal experimental study (Figure 2). Phase 1 involves 
determining whether the CPR is ready for impact analysis i.e. whether it has been 
rigorously derived and broadly validated according to pre-defined methodological 
standards. Phase 2 includes assessing the acceptability of the CPR and identifying 
potential barriers to its uptake and implementation, as well as assessing the feasibility of 
conducting an impact study. Evaluating the feasibility of carrying out an impact study 
involves consideration of multiple factors including the most appropriate study design 
for measuring relevant outcomes, and how the CPR will be delivered at the point of care 
or integrated into the clinical workflow. Phase 3 involves formally testing the impact of 
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the CPR using a comparative study design. Phase 4 involves long-term dissemination 
and implementation of the CPR, which corresponds to Stage 6 in the development of 
CPRs, discussed below.  
 
Reporting the impact analysis of a clinical prediction rule 
There are currently no published reporting guidelines for studies analysing the 
impact of CPRs. This is a gap in the literature, and a priority for future research. 
However, researchers assessing the impact of CPRs in an RCT may refer to guidelines 
on the reporting of clinical trials, such as the Consolidated Standards of Reporting 
Trials (CONSORT) statement [217].  
 
Stage 5: Cost-effectiveness of the clinical prediction rule 
If an impact analysis study shows that a CPR demonstrates safety and efficiency, 
alters clinician behaviour and improves clinical care, a formal economic evaluation can 
be carried out to determine the cost-effectiveness of the CPR. The aim is to establish the 
health care savings associated with routine use of the CPR in clinical practice [17]. 
Economic evaluation is usually based on decision analytic models [234]. Any economic 
evaluation must make reasonable assumptions about the accuracy and effectiveness of 
the CPR and the costs involved [17]. Sensitivity analyses should be performed by re-
running models with alternative assumptions, to examine the uncertainty of the model 
projections [234]. In reality, many economic evaluations are conducted prior to an 
impact analysis study or even an external validation study, perhaps because they are 
relatively quick and low cost to perform, and provide a significant part of the 
justification for the development and implementation of a CPR.  
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Stage 6: Long-term implementation and dissemination of the clinical 
prediction rule 
The gap between evidence and practice has been consistently demonstrated in 
health services research [235], and there is no guarantee that a CPR will be widely 
disseminated or used, even if it is shown to have a positive impact on clinical care and 
cost benefits. Therefore, in order to maximise the uptake of a CPR, an active 
dissemination and implementation plan must be in place. Simple passive diffusion of 
study results via publication in journals or presentations at conferences is unlikely to 
significantly change clinical practice [236]. Examples of dissemination include actively 
targeting specific audiences via direct mail or the press, while implementation involves 
the use of local administrative, educational, organizational and behavioural strategies to 
put the CPR into effect in clinical practice [236]. Active broad dissemination of the 
widely accepted Ottawa ankle rule via an educational intervention found no impact of 
the rule on clinicians’ use of ankle radiography [237], leading the authors to recommend 
implementation strategies at the local level instead. Some implementation strategies 
have been found to be more effective than others in changing clinician behaviour. A 
systematic review found the most effective approaches to be reminders in the form of 
posters, pocket cards, sheets or computer-embedded prompts, face-to-face local 
clinician education, and the use of multiple interventions simultaneously [238]. 
Incorporation of CPRs into clinical guidelines may also be of benefit; a recent study 
found that clinical guidelines and local policies that mandated the use of CPRs were 
effective in increasing their adoption in clinical practice [199]. In addition, the 
integration of CPRs into the clinical workflow via electronic health records may 
promote their use [239]. Since impact in a research study does not ensure impact in real 
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world clinical practice, follow-up of clinicians can be conducted to assess the long-term 
use and effect of the CPR [17, 33]. 
 
Barriers and facilitators to the use of clinical prediction rules  
Clearly, identifying the barriers and facilitators to the implementation of CPRs is 
crucial for the development of targeted implementation strategies that may encourage 
clinicians to use the CPR. The adoption of CPRs into clinical practice is influenced by 
various factors including clinician characteristics, patient factors, features of the CPR 
itself and environmental factors [32, 64, 221, 224, 225, 240-252].  
Table 3 provides an overview of the barriers to the adoption of CPRs identified 
in the literature [253], grouped according to their effect on clinician knowledge, 
attitudes or behaviours [254]. Barriers relating to knowledge include lack of awareness 
of the CPR or the burden of the clinical problem it applies to, unfamiliarity with the 
CPR, and a lack of understanding of the purpose of CPRs in general [225, 240-242]. 
Clinicians may also be unaware of a CPR due to the increasing volume of CPRs, 
particularly when they are developed for the same condition [59, 243]. Common 
barriers relating to clinician attitude include a conviction that clinical judgment is 
superior to the CPR, and distrust of the accuracy of the CPR [32, 224, 240, 241, 244, 
245]. Barriers relating to behaviour include organizational factors [251], the complexity 
of the CPR and the time it takes to apply; survey studies suggest that clinicians much 
prefer a CPR that is simple to use, memorable, and saves time [221, 246, 247]. Complex 
models such as those based on machine and artificial learning algorithms may introduce 
additional barriers relating to applicability and usability, due to their potential lack of 
reproducibility and transparency [58, 80]. Other studies have demonstrated that 
clinicians will be unlikely to use a CPR if there are predictors missing which are 
 
 
507 
 
deemed to be important, or if the predictor variables are not logically related to the 
outcome variable [32, 225]. Reilly & Evans [32] offer a number of strategies for 
overcoming barriers to the use of CPRs. These include emphasizing the discretionary 
use of the CPR, comparing clinical judgment with the CPR, checking whether any 
excluded factors affect the CPR predictions, performing a simulated impact analysis and 
soliciting clinicians input regarding the logic and format of the CPR, among others [32]. 
Insert Table 3 
 
Summary 
For CPRs to be useful in clinical practice, they must be properly planned [65], 
derived using appropriate statistical techniques [23], and externally validated in multiple 
settings and by independent investigators to determine their predictive accuracy [147]. 
In addition, CPRs must undergo impact analysis to determine their effect on clinician 
behaviour and relevant patient outcomes [22]. There are numerous factors to consider 
when deriving, validating and assessing the impact of a CPR including the study design, 
preparatory work, statistical analysis, modelling strategy, performance/impact measures, 
the presentation of the CPR, and the reporting of the study methodology. New CPRs 
should only be derived when there is a clear clinical need for them [17]. There is an 
urgent need to change the focus from the derivation of CPRs, to the validation and 
impact analysis of existing ones [33]. The CPR must be presented in full, and the study 
methods reported adequately, to ensure its quality, risk of bias and clinical utility can be 
evaluated; the TRIPOD guidelines should be followed to ensure completeness of 
reporting requirements [36]. Feasibility and preparatory work is essential to determine 
whether a formal impact study of the CPR is warranted [33, 106], and survey and 
qualitative work should be undertaken to verify whether the CPR is acceptable and 
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relevant to clinicians [63, 219, 220, 222]. If a CPR is found to have a positive impact on 
patient outcomes, its cost-effectiveness should be evaluated, and a targeted 
implementation and dissemination strategy devised, with consideration of possible 
barriers to implementation, to maximize uptake [17].  
 In summary, the development and evaluation of a robust, clinically useful CPR 
with high predictive accuracy is challenging, and research in the field concerning 
derivation, validation and impact evaluation continues to evolve. However, adhering to 
the existing methodological standards and recommendations in the literature at every 
step will help to ensure a rigorous CPR that has the potential to contribute usefully to 
clinical practice and decision-making. 
 
Table 1. Stages in the development and evaluation of clinical prediction rules  
Stage of development Methodological standards 
Stage 1. Identifying 
the need for a CPR 
 Consider conducting qualitative research with 
clinicians to determine clinical relevance and 
credibility of CPR 
 Conduct a systematic review of the literature to 
identify and evaluate existing CPRs developed for the 
same purpose 
 Consider updating, validating or testing the impact of 
existing CPRs 
Stage 2. Derivation 
of a CPR according 
to methodological 
standards 
Study design for the derivation of a CPR 
 Consider registering the study and publishing a 
protocol 
 Ensure the dataset is representative of the population 
for whom the CPR is intended 
 Conduct a prospective multicentre cohort study 
Statistical analysis 
 Conduct multivariable regression analysis (logistic for 
binary outcomes, Cox for long-term prognostic 
outcomes) 
 Identify the model to be used, plus rationale if other 
methods used 
Missing data 
 Use multiple imputation 
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Selection of candidate predictors for inclusion in a 
multivariable model 
 Only include relevant predictors based on evidence in 
the literature/clinical experience 
 Aim for a sample size with a minimum of ten events 
per predictor, preferably more 
 Avoid selection based on univariable significance 
testing 
 Avoid categorizing continuous predictors 
Selection of predictors during multivariable modelling 
 Backward elimination of predictors is preferred  
 Avoid data-driven selection and incorporate subject-
matter knowledge into the selection process 
Definition and assessment of predictor and outcome 
variables  
 Define predictor and outcome variables clearly 
 Consider inter-rater reliability of predictor 
measurement and potential measurement error 
 Aim for blind assessment of predictor and outcome 
variables 
Internal validation 
 Use cross-validation or bootstrapping and adjust for 
optimism 
 Ensure to repeat each step of model development if 
using bootstrapping 
CPR performance measures 
 Assess and report both calibration and discrimination 
 Consider decision curve analysis to estimate the 
clinical utility of the CPR 
Presentation of a CPR 
 Report the regression coefficients of the final model, 
including the intercept or baseline hazard 
 Consider a clinical calculator if the CPR is complex 
Reporting the derivation of a CPR 
 Adhere to the TRIPOD guidelines [36] 
Stage 3. External 
validation and 
refinement of a CPR 
Study design for the external validation of a CPR 
 Conduct a prospective multicentre cohort study 
 Aim for a sample size with a minimum of 100 
outcome events, preferably 200 
 Consider using a framework of generalisability to 
enhance the interpretation of the findings [34] 
Types of external validation 
 Conduct temporal, geographical and domain 
validation studies to ensure maximum generalisability 
 If multiple validations have been performed, conduct 
a meta-analysis to summarize the overall performance 
of the CPR, using a published framework [35] 
Refinement of a CPR: model updating or adjustment 
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 Consider updating, adjusting or recalibrating the CPR 
if poor performance is found in an external validation 
study 
 Consider further external validation of updated CPRs 
Comparing the performance of CPRs 
 Compare the CPR with other existing CPRs for the 
same condition 
 Ensure the statistical procedures used for comparison 
are appropriate; consider a decision-analytic approach 
Reporting the external validation of a CPR  
 Adhere to the TRIPOD guidelines [36] 
Stage 4. Impact of a 
CPR on clinical 
practice 
Study design for an impact analysis 
 Consider whether the CPR is ready for 
implementation 
 Conduct a cluster randomised trial with centres as 
clusters, or a before–after study 
 Perform appropriate sample size calculations 
 Consider decision-analytic modelling as an 
intermediate step prior to a formal impact study 
Measures of impact of a CPR 
 Report the safety and efficacy of the CPR 
 Report the impact of the CPR on clinician behaviour 
if assessed 
Acceptability of a CPR 
 Evaluate the acceptability of the CPR using the 
validated OADRI [219], or using qualitative or 
vignette methods 
Comparison of a CPR with unstructured clinical 
judgment 
 Compare the sensitivity and specificity of the CPR 
with clinicians own predictions/decisions 
The four phases of impact analysis for CPRs 
 Follow the framework for the impact analysis of 
CPRs [33]  
 Ensure extensive preparatory and feasibility work is 
conducted prior to a formal impact study 
Reporting the impact analysis of a CPR 
 There are currently no published reporting guidelines 
for impact studies of CPRs; this is an area for future 
research 
Stage 5. Cost-
effectiveness 
 Conduct a formal economic evaluation, with 
sensitivity analyses to examine the uncertainty of the 
model projections 
Stage 6. Long-term 
implementation and 
dissemination 
 Devise and evaluate targeted implementation 
strategies to ensure maximum uptake 
Barriers and facilitators to the use of CPRs 
 Assess barriers to the use of the CPR and devise 
strategies to overcome these 
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CPR: clinical prediction rule; TRIPOD: Transparent Reporting of a multivariable 
prediction model for Individual Prognosis or Diagnosis; OADRI: Ottawa Acceptability 
of Decision Rules Instrument  
 
Table 3. Barriers to the use of clinical prediction rules in practice identified in the 
literature 
Theme Subtheme Barrier 
Knowledge Awareness  Unaware: 
 That CPR exists 
 Of clinical problem or burden of clinical 
problem to which CPR applies 
Unable to choose from multiple CPRs  
 Familiarity Unfamiliar with CPR 
 Understanding  Lack of knowledge and understanding of the 
purpose, development and application of CPRs in 
general 
 Forgetting Clinician forgets to use CPR despite best intentions 
Attitudes  Negative beliefs 
about CPRs  
Belief that: 
 CPRs threaten autonomy 
 CPRs are too ‘cook-book’, and 
oversimplify the clinical assessment 
process 
 Clinical judgment is superior to CPRs 
 Clinical judgment is not error prone  
 Use of CPRs causes intellectual laziness 
 The development of the CPR was biased  
 Patients will deem clinicians less capable if 
using a CPR  
 CPRs only apply to the less experienced  
 Probabilities are not helpful for decision-
making 
Dislike of the term ‘rule’ 
Clinician had a false negative result when using a 
CPR in the past 
Existing CPRs are not ready for clinical application 
 Outcome 
expectancy 
Belief that: 
 CPRs will not lead to improved patient or 
process outcomes 
 The information provided by the CPR is not 
sufficient to alter clinical decisions 
Clinician: 
 
 
512 
 
 Fears unintended consequences of use 
 Is uncertain about using the CPR in patients 
with an atypical presentation  
 Worries that improving efficiency threatens 
patient safety 
 Self-efficacy Belief that the CPR is too difficult to use 
Clinician uncertain how to interpret or use CPR 
output 
 Motivation Clinician lacks motivation to use the CPR 
Behaviour  Patient factors Patients expectations are not consistent with the 
CPR 
 Features of the 
CPR 
Clinician: 
 Finds CPR too complicated  
 Finds CPR ‘too much trouble’ to apply 
Perception that: 
 The CPR is not an efficient use of time  
 The CPR does not have face validity or that 
important predictors are missing 
 The CPR does not fit in with usual work 
flow or approach to decision-making 
 The CPR is not generalisable to the 
clinician’s patient 
 The CPR is static and does not consider the 
dynamic nature of clinical practice 
 Overruling the CPR is often justified 
Data required for the CPR is difficult to obtain 
 Environmental 
factors  
Lack of: 
 Time 
 Organisational support 
 Peer support for use 
Perceived increased risk of litigation  
Insufficient incentives or reimbursement for use of 
the CPR 
Adapted from Sanders, 2015 [253]. CPR = Clinical prediction rule 
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Figure 1. The three main stages in the development and evaluation of clinical 
prediction rules 
 
Adapted from McGinn, 2016 [255] 
 
Figure 2. The four phases of impact analysis for a clinical prediction rule  
 
Reproduced with permission from Wallace et al. 2011 [33] 
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Abstract  
 
Objective:  
The validated Predicting Abusive Head Trauma (PredAHT) clinical prediction 
tool calculates the probability of abusive head trauma (AHT) in children <3 years of age 
with intracranial injuries (ICI) identified on neuroimaging, based on combinations of 6 
clinical features: head/neck bruising, seizures, apnoea, rib fracture, long-bone fracture, 
and retinal haemorrhages.. PredAHT version 2 enables a probability calculation when 
information regarding any of the six features is absent. We aimed to externally validate 
PredAHT-2 in an Australian/New Zealand population. 
Design: 
A secondary analysis of a prospective multicentre study of paediatric head 
injuries.  
Setting:  
We extracted data on patients with possible AHT at 5 tertiary paediatric centres.  
Patients: 
We included all children <3 years of age admitted to hospital with ICI identified 
on neuroimaging. We assigned cases as positive for AHT, negative for AHT or having 
indeterminate outcome following multidisciplinary review.  
Main outcome measures: 
The estimated probability of AHT for each case was calculated using PredAHT-2, 
blinded to outcome. Tool performance measures were calculated with 95% confidence 
intervals.  
Results:  
Of 87 cases with ICI, 27 (31%) were positive for AHT; 45 (52%) were negative 
for AHT, and 15 (17%) had indeterminate outcome. Using a probability cut-off of 50%, 
excluding indeterminate cases, PredAHT-2 had a sensitivity of 74% (54%–89%) and a 
specificity of 87% (73%–95%) for AHT. 
Conclusion:  
PredAHT-2 demonstrated reasonably high point sensitivity and specificity when 
externally validated in an Australian/New Zealand population. Performance was similar 
to that in the original validation study. 
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INTRODUCTION  
Abusive head trauma (AHT) continues to be a major cause of traumatic deaths and long 
term morbidity in infants due to child abuse.(1-3) Ascribing AHT as the cause of an 
intracranial injury (ICI) is challenging for clinicians as the differential diagnosis may 
include abuse, accidental trauma, or other childhood diseases.(4) Perpetrators of AHT 
may deny abuse or offer alternative explanations as to what happened, and the 
presenting history is frequently inaccurate or incomplete.(4) The consequences of a 
missed diagnosis of AHT can put the child in increased danger and risk the child’s life 
and future wellbeing;(5, 6) equally a false accusation of abuse can have devastating 
consequences for the child and family. The validity of AHT as a medical diagnosis is 
constantly questioned and any evidence regarding which combinations of clinical 
features are associated with a diagnosis of AHT or accidental trauma can support 
decision-making and lend weight to the diagnostic process.  
 
Clinical prediction rules (CPRs) are evidence based tools that combine clinical features, 
history or results of investigations to predict diagnosis, prognosis or response to 
therapy. (7) They may assist clinicians in making complex decisions, improving their 
accuracy and decreasing variability between clinicians.(7) In 2011 and 2015, a Welsh 
team of experts in child protection research derived and validated the Predicting 
Abusive Head Trauma (PredAHT) tool, which calculates the probability of AHT in 
children <3 years of age with ICI based upon different combinations of 6 clinical 
features (head or neck bruising, seizure, apnoea, rib fracture, long bone fracture and 
retinal haemorrhage, detailed in Supplementary Table 1. (8, 9) 
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The PredAHT derivation study provided predicted probabilities of AHT for all 64 
possible combinations of the presence or absence of these features.(8) In the validation 
study, using a 50% probability cut-off, PredAHT performed with a sensitivity of 72% 
and a specificity of 86% in identifying AHT.(9) In order to address one or more missing 
elements of clinical features the authors used their derivation data set (8) to create 
PredAHT-version 2 (PredAHT-2).(10)(11) (12) (see Appendix 1 for all possible 
permutations of present, absent and unknown). While validated at the derivation sites 
(13) PredAHT-2 requires validation in multiple locations and by independent 
investigators.(13, 14)  
 
We describe an external validation of PredAHT-2 on an Australian/New Zealand 
population, of children <3 years of age admitted to hospital with ICI confirmed on 
neuroimaging.(8, 9)  
 
METHODS 
Study design, setting and patients 
This study was a planned secondary subgroup analysis of children enrolled into a 
prospective multi-centre observational study of children (0 to <18 years) with head 
injuries in 10 Australian and New Zealand paediatric emergency departments (EDs) 
between April 2011 and November 2014.(15, 16)  We obtained ethics approval from 5 
participating sites (Australia: Royal Children’s Hospital Melbourne, Monash Children’s 
Hospital, Clayton, and Princess Margaret Hospital for Children, Perth; and New 
Zealand: Starship Children’s Hospitals and KidzFirst Children’s Hospitals, Auckland) 
for additional medical record review of possible cases of AHT. 
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Study procedures  
Full details of the primary study protocol are described elsewhere.(16) In short, the 
parent study aimed to externally validate and compare three clinical decision rules, 
which assist in determining the need for CT in head injured children. Children and 
young people with head injury were enrolled by the treating ED clinician who collected 
clinical data and a research assistant recorded ED and hospital management data 
following the visit. We collected injury and clinical variables, demographic and 
epidemiological information as well as information about neuroimaging, admission and 
neurosurgery. In this study, we analysed data from a subset of children <3 years of age 
with ICI identified on neuroimaging, indicating that a differential diagnosis of AHT 
should be considered.  
 
Exclusion criteria 
Patients who did not undergo neuroimaging or who had normal neuroimaging results 
were excluded. Patients with skull fracture with no accompanying ICI and those with an 
underlying structural abnormality or pre-existing disease (hydrocephalus, cystic lesion 
or tumour, metabolic cause, malformation, or abnormal brain development), injuries 
caused by neglect or birth injuries were excluded as in the original PredAHT validation 
study.(8) 
 
Strategy to identify possible AHT cases 
In order to identify all possible AHT cases from the parent study(17) we extracted all 
children aged <3 years of age admitted to the hospital with head injury and abnormal 
neuroimaging results.  In addition, at The Royal Children’s Hospital, Melbourne (5372 
(40.2%) of 13,371 patients enrolled at the 5 sites), we also accessed the database of the 
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Victorian Forensic Paediatric Medical Service, the hospital child protection team, which 
we searched for all children aged <3 years of age admitted to the hospital with head 
injury and abnormal neuroimaging results. We then accessed the medical records of all 
possible AHT cases at 5 sites and abstracted relevant data including predictor variables, 
outcomes and eligibility criteria for PredAHT.(8)  
 
Study Definitions 
We used senior radiologists’ reports to determine the results of neuroimaging. ICI was 
defined as any combination of: any extra-axial haemorrhage, diffuse or focal 
parenchymal injury, cerebral oedema, cerebral contusion, hypoxic ischemic injury, or 
diffuse axonal injury visible on head computed tomography or magnetic resonance 
imaging.(8) AHT was defined as the diagnosis of ICI (confirmed on neuroimaging), 
which was due to physical child abuse by parents or caregivers, rather than neglect, 
according to the decision of a multidisciplinary child protection team at the conclusion 
of their investigation and their consideration of the relevant social, forensic, and clinical 
features in the context of the presenting history, in accordance with the Australian and 
New Zealand standard child protection assessment processes. Non-AHT was defined as 
ICI following a witnessed accidental injury or an accidental injury confirmed by the 
decision of a multidisciplinary child protection team. Cases were categorized as AHT-
positive or AHT-negative (non-AHT) by the study investigators upon retrospective 
review of the multidisciplinary team records. Cases in which this categorization was not 
clear were deemed indeterminate.(18) Any uncertainty in terms of category assignment 
on review of the records was arbitrated by the director of the Victorian Forensic 
Paediatric Medical Service (A.S.) on the basis of the forensic reports and medical 
records.  
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Application of PredAHT-2 to the data set 
We applied PredAHT-2 to each child <3 years of age with ICI confirmed on 
neuroimaging (8) blinded to the clinical outcome categorization. We calculated the 
specific probability of AHT for each individual patient based upon whether the six 
clinical features were present, absent or unknown (Appendix 1). As a primary analysis 
we used a 50% probability cut-off to categorize all patients with a probability of ≥50% 
as higher risk for AHT and those with a probability of <50% as lower risk for AHT. 
Individual clinician’s interpretation and application of probability thresholds to risk and 
decision-making differs and therefore in a secondary analysis, we explored the 
implications of using different probability cut-off points to categorize cases as AHT. 
(12, 19, 20) To do this, we used a 20% probability cut-off, and an 80% probability cut-
off, respectively. 
 
Statistical analysis 
Data were entered into Epidata (The Epidata Association, Odense, Denmark), and were 
later entered into REDCap.(21) Data were analysed using Stata 13 (Statacorp, College 
Station, TX). Summary statistics were derived to describe total and subgroup 
characteristics; proportions and frequencies for categorical variables, and the median 
(interquartile range) for continuous variables. Using the Stata command diagt we 
calculated the sensitivity, specificity, positive predictive value, negative predictive 
value, positive likelihood ratio and negative likelihood ratio of PredAHT-2 using the 
three different probability cut-offs (20%, 50% and 80%), with 95% confidence intervals 
(CIs), excluding AHT-indeterminate cases.  
 
Reporting 
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This study is reported in accordance with the Transparent Reporting of a multivariable 
prediction model for Individual Prognosis or Diagnosis (TRIPOD) guidelines.(22) A 
checklist is included in Appendix 2. 
 
RESULTS  
Of the 20,137 patients at 10 centres in the parent study, 13,371 (66%) patients presented 
at the 5 centres included in this secondary analysis. Of these patients 5,264 were <3 
years old (39%), of which 3,038 (58%) were male. The medical records of 142 cases of 
children <3 years old admitted with possible physical-abuse related head injuries on 
neuroimaging were reviewed, and 87 children with ICI were identified (Figure 1).  
 
Sixty-one (70%) were aged <1 year, 51 (59%) were male, 13 (15%) were admitted to 
PICU, 26 (30%) underwent neurosurgery and 6 (7%) died (Table 1).  
 
Patients were categorized as AHT-positive in 27 (31%), AHT-negative in 45 (52%) and 
AHT-indeterminate in 15 cases (17%). Head or neck bruising was more strongly 
associated with AHT-negative cases than AHT-positive cases, while seizures, apnoea, 
rib fractures, long-bone fractures, and retinal haemorrhages were more strongly 
associated with AHT-positive cases than AHT-negative cases. Many AHT-negative 
cases did not have an ophthalmology examination or skeletal radiology (Table 2).  
 
Figure 2 shows the distribution of the PredAHT-2 predicted probabilities against the 
outcome (AHT-positive, AHT-negative, indeterminate). The presence or absence of all 
six clinical features were recorded in all but one AHT-positive cases and all 
indeterminate cases, while only 36% (16/45) AHT-negative cases had complete data 
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recorded. Using a probability cut-off of 50%, PredAHT-2 correctly identified 20/27 
AHT-positive cases (sensitivity = 74% (95% CI, 54%–89%)) and correctly identified 
39/45 AHT-negative cases (specificity = 87% (73%–95%)) (Table 3). For the AHT-
negative cases, the probability of AHT was more likely to be <20% for cases where all 
six features were known. A total of 7/15 (47%) AHT-indeterminate cases were 
classified as higher risk by PredAHT-2 while 8/15 (53%) were classified as lower risk.  
 
Applying PredAHT-2 using a 20% probability cut-off increased the sensitivity to 81% 
(62%–94%) at the expense of a much lower specificity (33% (20%–49%)). Conversely, 
applying PredAHT-2 using an 80% probability cut-off increased the specificity to 91% 
(79%–98%), at the expense of a much lower sensitivity (56% (35%–75%)).  
 
DISCUSSION 
In this external validation of PredAHT-2 in an Australian and New Zealand dataset, the 
performance of the tool was very similar to the performance of PredAHT in the original 
validation study (sensitivity 74% vs. 72% and specificity 87% vs. 86%).(8) With its 
added capacity to give a probability of AHT for an individual case where one or more of 
the six features are unknown, PredAHT-2 has the potential to contribute to decision-
making at multiple points along the assessment and referral pathway (10) 
 
Exploring the implications for clinical practice  
There were 7 AHT-positive cases that were assigned a probability of AHT of <50% by 
PredAHT-2 (Figure 2). In 4 of these cases the perpetrator confessed or was accused by 
the other parent, or the child’s injuries were severe, and included complex skull 
fractures and widespread bruising. These were additional factors that strongly increased 
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the likelihood of physical abuse, highlighting the importance of interpreting probability 
estimates given by PredAHT-2 in combination with all other available information. 
 
The extent of unknown features was considerable for AHT-negative cases (Figure 2) 
and likely to be related to the clinicians’ decisions not to undertake a skeletal survey or 
ophthalmology examination, based upon their level of confidence that the injury was 
accidental and consistent with the mechanism of injury described. Independently 
witnessed mechanisms of injury included falls from a parent’s arms, a fall down the 
stairs or being hit by a falling heavy object, which contrasted with the lack of history or 
inadequate explanation of trauma given by parents in AHT-positive cases. Where AHT-
negative cases were fully investigated, the predicted probability of AHT was low.  
 
Six AHT-negative cases were assigned a probability of >50% (Figure 2). Five of these 
cases did not have an ophthalmology examination or skeletal survey. Completing the 
investigation would identify whether retinal haemorrhages, rib or long-bone fractures 
were present, and refine the probability estimate. For example, in children with ICI and 
head/neck bruising but no information about retinal haemorrhages or fractures, the 
calculated probability of AHT is 44.2% (see Appendix 1). If skeletal survey and 
ophthalmology were normal this would decrease to 14.7%. Conversely, if either long-
bone fracture, retinal haemorrhage or rib fracture were identified, the probability would 
increase to 70.2%, 85.3%, and 88.5%, respectively. This highlights the importance of 
considering an ophthalmology examination and skeletal survey for those children 
presenting with ICI in the absence of an independently witnessed accident.   
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All of the 15 indeterminate cases were fully investigated and PredAHT predicted 7/15 
to be high risk (>80%) and 7/15 to be low risk (<20%) for AHT. This finding suggests 
that the uncertainty in these cases did not arise from a consideration of the clinical 
features alone, and is consistent with a study conducted by Chaiyachati et al.,(23) who 
found that there was no single component of the injury, incident or history associated 
with the uncertainty around clinicians’ perceived likelihood of physical abuse. Of 7 
indeterminate cases with a probability of abuse of >80%, 2 died and AHT was deemed 
“likely” in 4 cases. Among the 7 with a probability of AHT of <20%, AHT was deemed 
“likely” in 1 case; however, in each of these cases AHT could not be definitively 
confirmed, partly due to differing opinions between members of the multidisciplinary 
child protection team, most notably between medical clinicians and child protection 
social workers.  
 
The study findings reinforce those from the original derivation and validation studies,(8, 
9) that no set of clinical features is specific for AHT. It is therefore unlikely that any 
CPR based upon clinical features alone could perfectly predict AHT and emphasizes 
that PredAHT-2 should be used in combination with a full multidisciplinary assessment 
and consideration of all of the other clinical, social, historical and forensic elements of 
each individual case. PredAHT is designed to provide a specific probability estimate for 
each individual case based upon six key features that should be identified during an 
assessment of a young child with ICI to inform further investigations or decisions. 
 
This validation strengthens the utility of PredAHT-2, and raises its level of 
evidence.(24) (20) 
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Roll-out of a computerized version would enable simple application of PredAHT-2 at 
the bedside, as new information is collected. PredAHT-2 should now be tested in an 
impact analysis study to determine its impact on clinician behaviour and relevant patient 
outcomes.(25) 
 
Comparison with existing literature 
The Pediatric Brain Injury Research Network (PediBIRN) 4-variable CPR is the only 
other CPR for paediatric AHT intended for use in an inpatient setting, and was designed 
to assist in deciding which children with cranial or ICI admitted to the paediatric 
intensive care unit (PICU) should be evaluated further for abuse.(26) (27-29) In a recent 
external validation of PediBIRN by our group, its sensitivity was 96% and its specificity 
was 43% when applied to children <3 years old with ICI or cranial injury, admitted to 
all inpatient settings.(17) Taking the arbitrary probability cut-off of 50% PredAHT-2 
had a lower sensitivity than PediBIRN, but a much higher specificity, and will 
categorize fewer AHT-negative cases as higher risk for AHT than PediBIRN. 
 
Limitations 
The study has a number of limitations. The majority of the predictive and outcome 
variables were collected prospectively; the predictive variable “apnoea”, however, was 
extracted from medical records. Future validation studies should ensure that the six 
variables are collected prospectively, and should consider assessing their inter-rater 
reliability. Since case selection in our dataset was mostly based on ED identification, 
cases of possible AHT identified in a hospital ward or PICU would have been missed. 
One of the concerns in all studies of AHT is the possibility of creating a circular 
argument by defining the condition based on the features included in the tool. However, 
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in this study AHT diagnosis was assigned by local multidisciplinary teams independent 
of the study. A cautious approach was taken, and if there was any doubt, a category of 
indeterminate was assigned. In addition the data for the study were extracted blinded to 
the case outcomes. 
 
Conclusions 
PredAHT-2 performed with reasonably high sensitivity and specificity when externally 
validated. The inclusion of probability estimates in incompletely investigated cases 
offers an opportunity for clinicians to consider the probability of AHT at different 
stages of the clinical assessment and whether or not further investigations are indicated.  
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What is already known on this topic:  
- PredAHT is one of only two published prediction rules determining the 
likelihood of abusive head trauma in children <3 years old with intracranial 
injury.  
- PredAHT has not been validated in a broader setting outside Europe.  
 
What this study adds:  
- We externally validated the prediction tool in an Australian/New Zealand 
dataset.  
- The tool performed with reasonably high sensitivity (74% (54%–89%)) and 
specificity (87% (73%–95%)) using a 50% probability cut-off.  
- Performance was similar to that in the original validation study.  
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Table 1 – Demographics and Epidemiology 
 
 
Total 
(n=87) 
AHT 
positive 
(n=27) 
AHT 
negative 
(n=45) 
AHT 
indeterminate 
(n=15) 
Age (in years), n (%)         
     < 1 61 (70) 21 (78) 28 (62) 12 (80) 
     1 – <2 17 (20) 3 (11) 12 (27) 2 (13) 
     2 – <3 9 (10) 3 (11) 5 (11) 1 (7) 
Gender, n (%)         
     Male 51 (59) 15 (56) 27 (60) 9 (60) 
     Female 36 (41) 12 (44) 18 (40) 6 (40) 
PICU admission, n (%) 13 (15) 5 (19) 6 (13) 2 (13) 
Neurosurgery, n (%) 26 (30) 9 (33) 10 (22) 7 (47) 
Intubation, n (%) 13 (15) 4 (15) 8 (18) 1 (7) 
ciTBI, n (%) 37 (43) 10 (37) 22 (49) 5 (33) 
Mortality, n (%) 6 (7) 4 (15) 1 (2) 1 (7) 
Length of stay (days)         
     Median (IQR) 5 (3–10) 9.5 (7–18) 4 (3–6) 6 (4–14) 
AHT abusive head trauma, PICU pediatric intensive care unit, ciTBI clinically important traumatic brain 
injury (using the Pediatric Emergency Care Applied Research Network definition30), IQR interquartile range 
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Table  2 – Presence of predictive variables   
 
  
              
 
  Total AHT positive AHT negative AHT indeterminate         
 (n=87) (n=27) (n=45) (n=15)     
  N n % 95% CI n % 95% CI n % 95% CI 
OR for 
AHTa 
95% CI p 
Head or neck bruising               
       
     Present 62 15 56 (35-75) 38 84 (71-94) 9 60 (32-84) 0.23 (0-1) 0.012 
     Absent 25 12 44 (25-65) 7 16 (6-29) 6 40 (16-68)     
     Unknown 0 0 0 (0-13) 0 0 (0-8) 0 0 (0-22)     
Seizures                  
     Present 25 13 48 (29-68) 8 18 (8-32) 4 27 (8-55) 4.63 (2-14) 0.007 
     Absent 61 13 48 (29-68) 37 82 (68-92) 11 73 (45-92)     
     Unknown 1 1 4 (0-19) 0 0 (0-08) 0 0 (0-22)     
Apnoea                  
     Present 11 6 22 (9-42) 2 4 (1-15) 3 20 (4-48) 6.14 (1-33) 0.046 
     Absent 76 21 78 (58-91) 43 96 (85-99) 12 80 (52-96)     
     Unknown 0 0 0 (0-13) 0 0 (0-8) 0 0 (0-22)     
Rib fracture              
    
     Present 8 6 22 (9-42) 0 0 (0-8) 2 13 (2-40) 14.81 (1-279) 0.024 
     Absent 58 21 78 (58-91) 24 53 (38-68) 13 87 (60-98)     
     Unknown 21 0 0 (0-13) 21 47 (32-62) 0 0 (0-22)     
Long-bone fracture              
    
     Present 12 9 33 (17-54) 1 2 (0-12) 2 13 (2-40) 8.50 (1-74) 0.034 
     Absent 48 18 67 (46-83) 17 38 (24-53) 13 87 (60-98)     
     Unknown 27 0 0 (0-13) 27 60 (44-74) 0 0 (0-22)     
Retinal haemorrhage                  
     Present 21 16 59 (39-78) 0 0 (0-8) 5 33 (12-62) 58.83 (3-1.074) <0.001 
     Absent 41 11 41 (22-61) 20 44 (30-60) 10 67 (38-88)     
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Table 3 – Performance of the PredAHT tool at three probability cut-offs 
 
Applying PredAHT 
(indeterminate excluded) 
20% cut-off 50% cut-off 80% cut-off 
Outcome Outcome Outcome 
AHT nAHT AHT nAHT AHT nAHT 
Higher risk of AHT 22 30 20 6 15 4 
Lower risk of AHT 5 15 7 39 12 41 
  Value 95% CI Value 95% CI Value 95% CI 
Sensitivity 81% 62%–94% 74% 54%–89% 56% 35%–75% 
Specificity  33% 20%–49% 87% 73%–95% 91% 79%–98% 
Positive predictive value 42% 29%–57% 77% 56%–91% 79% 54%–94% 
Negative predictive value 75% 51%–91% 85% 71%–94% 77% 64%–88% 
LR + 1.22 0.93–1.61 5.56 2.55–12.1 6.25 2.31–16.9 
LR − 0.56 0.23–1.36 0.30 0.16–0.57 0.49 0.32–0.75 
 
AHT abusive head trauma; nAHT no abusive head trauma, LR likelihood ratio 
 
 
     Unknown 25 0 0 (0-13) 25 56 (40-70) 0 0 (0-22)         
a Calculations exclude the indeterminate and unknown cases, substitution formula used for zero cell counts           
AHT=abusive head trauma, CI=confidence interval, p=Fisher's Exact            
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Appendix 6. Published articles arising from the qualitative study presented in Chapter 5 
 
1. Cowley LE, Maguire S, Farewell DM, Quinn-Scoggins HD, Flynn MO & Kemp AM (2018). 
 Factors influencing child protection professionals’ decision-making and 
 multidisciplinary collaboration in suspected abusive head trauma cases: A 
 qualitative study. Child Abuse & Neglect, 82: 178-191. 
2. Cowley LE, Maguire S, Farewell DM, Quinn-Scoggins HD, Flynn MO & Kemp AM (2018). 
 Acceptability of the Predicting Abusive Head Trauma (PredAHT) clinical 
 prediction tool: A qualitative study with child protection professionals. Child 
 Abuse & Neglect, 81: 192-205. 
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Appendix 7. Participant information sheet for legal practitioners, police officers, child 
protection social workers, and pathologists 
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Appendix 8. Participant information sheet for clinicians 
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Appendix 9. Semi-structured Interview Schedule 
 
Introduction  
Hello my name is Laura and I will be interviewing you today. Thank you for being 
willing to take part in this project. Firstly, I would like to ask you for permission to audio record 
this interview. The main reasons for this are to ensure that the data collected is detailed and 
accurate and to facilitate data analysis. I would like to assure you that everything you say will 
remain completely confidential and only the immediate study team will have access to the 
audio recording and transcript.  
I am going to be asking you some questions about the factors influencing your 
decision-making in suspected abusive head trauma cases. I will then show you a tool that the 
research team have developed to estimate the probability of abuse in head-injured children, 
and will ask you some questions about your thoughts on the usefulness of this tool. Do you 
have any questions before we proceed?  
 
Participants’ perceived role in the decision-making process 
Have you ever been involved in a case concerning a child less than three years old with a 
head injury where abuse was suspected? (explain what is meant by head injury – intracranial 
injury identified on neuroimaging) 
 Can you explain a little bit about what your role is in these cases? 
 Is it your job to come to a decision as to whether the child has suffered abusive or 
accidental injury? If no: do you form an opinion about this regardless?  
 
Factors influencing decision-making/multidisciplinary working in suspected AHT cases  
What factors usually influence your decision-making in a child head injury case where 
abuse is suspected? 
 Clinical factors? History given by caregiver? (no history of trauma at all? Inconsistent 
history?) Proposed mechanism of injury? (consistent with developmental stage of 
child/severity of injuries?) Family history? Child previously known to social 
services/previously attended hospital for injuries?  
 Opinions of social services/police? Opinions of clinicians? Opinions of child abuse 
paediatricians? Advice from colleagues? 
 Can you tell me more about why these particular factors influence your decision 
making?  
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 Can you tell me specifically how these factors influence your decision making? 
How confident are you making a decision as to whether a head injury has been caused 
by abuse or an accident? 
 Do you find these cases difficult? 
 What are the challenges? 
What information do you receive from other agencies when you are involved in a case? 
 Results of clinical investigations? History given by caregiver? Proposed mechanism of 
injury? Family history? Child previously known to social services/previously attended 
hospital for injuries? 
 How does this information help you with your decision-making? 
 Can you describe your experiences with multidisciplinary working? 
 
Explanation of the PredAHT clinical prediction tool 
We have developed a clinical tool to estimate the probability of abusive head trauma 
in young children with head injuries, based on varying combinations of six clinical features. 
Each of the six features were included in the tool based on evidence from a systematic review 
of the literature, and were assigned a different weighting relative to their significance in a 
statistical model. The tool is intended for clinicians to complete, and we think it may be useful 
if they could communicate the results to other professionals who are involved in the child 
protection process, such as pathologists, police officers, child protection social workers, and 
legal professionals. It is intended for consideration alongside everything else that is known 
about each case, and should not be used as a diagnostic tool.  
 
Participants’ prior knowledge of clinical prediction tools 
Are you familiar with clinical prediction/decision rules? 
 If yes: What is your opinion of them in general? 
 
Evaluations of PredAHT 
Do you think PredAHT would be useful for your investigations/practise/decision making?  
 Why/why not?  
 Could you tell me specifically how it would be useful for you? 
 Perhaps you haven’t had much/any experience with suspected abusive head trauma 
cases before? 
 Perhaps it would give you more confidence in your decisions? 
 
 
597 
 
Can you think of a recent case in which PredAHT would have been useful to you?  
 In what way would it have been useful to you?  
Can you think of any factors that would make you more or less likely to use PredAHT?  
 Perhaps if you knew how it was developed?  
 Perhaps if it was supported by your colleagues? 
 Perhaps if you were able to use it alongside other evidence? 
Do you think there would be any risks involved in using PredAHT? 
 What risks? 
Do you think PredAHT would assist you in your discussions with other professionals 
involved in a case? 
 How?/Why not? 
 Perhaps it would be useful in a strategy meeting? 
What do you think about the score being presented in terms of a percentage 
probability? 
 Is there any other way you would want the likelihood of abuse expressed? Why/Why 
not? 
 Would you prefer it to be translated into a low, medium or high likelihood of abuse?  
 Would you want to know the estimate of uncertainty around the score (confidence 
interval)? 
 Do you have any other suggestions about how the results should be presented? 
 
For clinicians only 
When in the process of your investigations would PredAHT help you? 
 At first presentation?  
 Do you think it would be useful if you had missing data? 
 Would it only be useful once all of the information about the features included in 
PredAHT was known? 
 Would you use PredAHT to direct further examinations for example a skeletal survey?  
 If further information became known regarding the features included in PredAHT, 
would you use it a second time to assess the change in the score?  
Who do you think should complete PredAHT? 
How do you think PredAHT could be integrated into existing hospital systems? 
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Interpretation of probabilities and risk categories associated with AHT 
How great would the likelihood of abuse have to be in percentage terms for you to take 
further action?  
What would a low, medium or high likelihood of abuse mean to you in percentage 
terms? 
What does the phrase ‘on the balance of probabilities’ mean to you in percentage 
terms? 
 
Closure 
We seem to have covered a great deal of ground and you have been very patient. 
However do you think there is anything that we have missed out that might be relevant or 
important? Do you have any other comments about what we’ve discussed or about the 
research as a whole? 
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Appendix 10. Consent Form 
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Appendix 11. Demographics data collection form 
 
Exploring the utility of a proposed clinical prediction tool to estimate the probability 
of abusive head trauma in children less than three years of age 
 
Participant Number:  Date:   Time:   
   Location:  
Demographics  
Gender: Female ☐ Male ☐  Age:   
       18-24 years    
       25-34 years     
       35-44 years    
       45-54 years    
       55-64 years   
       65 or older   
 
Full job title:………………………………………………. 
Length of time involved in child protection: ……….years    ………. months 
Ethnicity: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
White: British ☐  Other ……………. 
Mixed: White & Black Caribbean ☐ White & Black African ☐ White & 
Asian ☐ Other …………. 
Black or Black British: Caribbean ☐ African ☐ Other ……………… 
Asian or Asian British: Indian ☐  Pakistani ☐  
 Bangladeshi ☐  Chinese ☐   Other……………. 
 
☐ 
☐ 
☐ 
☐ 
☐ 
☐ 
Have you ever had any formal training in child protection? 
Yes ☐   No ☐ Undergraduate ☐ Child protection level 1  ☐  
Child protection level 2 ☐ Child protection level 3 ☐ Child protection 
level 4 ☐  
Child protection level 5 ☐ Child protection level 6 ☐  
In service training <half day ☐ Other ☐ Please 
specify_______________________ 
Have you ever had any formal training in paediatric head injuries? 
Yes ☐ No ☐ Undergraduate ☐ In service <half day ☐ In service <2days 
☐  
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Appendix 12. Debriefing form 
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Appendix 13. Cardiff University School of Medicine Research Ethics Committee Approval 
Letter 
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Appendix 14. Cardiff University School of Medicine Research Ethics Committee Approval 
Letter following amendment request  
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Appendix 15. Excerpt from Reflexive Journal 
 
Journal entry 01/07/2015 
Group interview with five lawyers 
At first the participants were giving simple yes or no answers, and it was looking like it 
might be difficult to coax much out of them. As the interview went on, they seemed to open 
up more, but I think because it was a group interview, they were each waiting for one of the 
others to answer first, and then they all tended to agree with one another rather than adding 
their own thoughts. There were two dominant participants, LP[B]1 and LP[B]2, and because 
they were initially doing most of the talking, perhaps the others felt that they didn’t need to 
say as much. 
 
The first half of my questions are related to how difficult it is to identify abusive head 
trauma, but some of the participants said that it was not their job to do this, which distracted 
me slightly. I would have liked to have found out more about how their opinions about each 
case impact upon their work and how they feel when they suspect that a child has been 
abused and yet they still have to represent the parents. I asked whether “there are any times 
when perhaps that judgment has crossed your mind and clouded your opinion of the case”. 
LP[B]2 replied “in every case you wonder whether that has happened …” and LP[B]1 gave a 
detailed answer but I wish I had explored this further with the other participants.  
 
When the participants were discussing the cases they had worked on, I wanted to know 
if the tool would have been useful in these cases, but they did not say much about this. When I 
first asked the question about whether the tool would have been useful in any recent cases 
they had dealt with, LP[S]1 brought up a case, and described the features that the child had. I 
asked if LP[S]1 could tell me more about the case but perhaps I should have asked again 
outright whether the tool would have been useful or not, because he continued to talk about 
the features and the other aspects of the case without reference to the tool. When I asked if 
the tool would have been useful considering they represent parents, it was LP[B]1 who 
answered but I would have liked to have had an answer from LP[S]1. LP[B]1 said that the tool 
would not have added anything over what they already knew and that it would not help them 
answer the question of who the perpetrator was.  
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When discussing the meaning of the phrase ‘on the balance of probabilities,’ LP[B]1 and 
LP[B]2 agreed that 50% was the percentage that they used to represent this phrase. I should 
have followed this up by asking what they would think of a case where the tool predicts a 
probability of, for example, 58%? LP[S]1 brought up the fact that the tool wouldn’t take into 
account the severity of the injuries, and whether “damage was set out to be done”. 
 
Overall I felt that this was a successful interview. The participants appreciated the value 
of the tool but were unsure whether it would have had any impact on their decision-making in 
previous cases. Although every effort was made to elicit responses from all members of the 
group, there were two dominant participants. In future group interviews I will make a more 
concerted effort to ensure a balance of responses from the participants. In future interviews I 
will also try harder to ensure that the interview stays on topic, whilst still allowing participants 
to discuss issues that are important to them.
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Appendix 16. Illustration of a snapshot of the thematic matrix for Theme 3: “Participants opinions on how to present the calculated probabilities”, 
with categories as column headings and participants as rows 
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Appendix 17. Analytic Framework 
Theme Category Subcategories & Definitions 
Factors influencing 
decision-making in 
suspected AHT 
cases 
Professional factors  Participants’ perceived role in the decision-making process: discussions regarding the participants’ role 
in making a decision as to whether children in suspected abuse cases have suffered AHT; whether they 
feel it is within their remit to make such decisions and why; whether they form an opinion about the 
likelihood of AHT having taken place 
Reliance on other professionals: any comments relating to a reliance on others to identify AHT or direct 
participants’ decision-making; any reasons why participants may rely on others such as medical 
professionals, e.g. due to a lack of medical knowledge, for information sharing or for a high quality 
clinical investigation;  any difficulties associated with having to rely on others for information or 
guidance 
Multidisciplinary collaboration: any comments about the positive or negative aspects of working with 
other agencies e.g. discussions about the quality of the relationships between the professional groups; 
organisational barriers; delays; competing interests; disagreements between professionals 
Resources: any remarks regarding the availability of resources to support an investigation such as an 
adequate budget or staff with expertise in child protection work 
Difficulty making the diagnosis: any remarks about the ease or difficulty in making a diagnosis in 
suspected AHT cases; any reasons why a diagnosis of AHT may be easy or difficult to make 
Confidence: discussions regarding how confident the participants’ feel working on AHT cases or making 
decisions regarding AHT; any reasons why participants’ may feel confident or not i.e. the amount of 
experience or training they have had  
Seeing ‘the bigger picture’: any comments about having to piece together a ‘jigsaw puzzle’ of different 
types of evidence in order to understand the ‘bigger picture’; any references to analysing the different 
components of the investigation or considering a combination of different factors in order to reach a 
conclusion 
Medical factors Clinical features: any references to the clinical features that may influence decision-making such as 
bruising, fractures, burns or bites; any references to the ‘triad’ of injuries i.e. subdural haemorrhages, 
retinal haemorrhages and encephalopathy, any references to the medical literature or evidence-base 
around abuse-related injuries 
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Differential diagnoses: any comments about differential diagnoses of AHT, or alternative explanations 
for injuries, e.g. accidental injury, or medical/genetic conditions such as bleeding disorders, osteogenesis 
imperfecta, glutaric aciduria etc.  
Mechanisms of injury: considerations of the manner or circumstance in which injuries may have 
occurred and how these considerations contribute to decision-making; any comments linking specific 
clinical features to possible injury mechanisms e.g. bruising associated with impact injuries, rib/chest 
injuries associated with compression forces 
Severity of injuries: comments regarding the severity of the injuries suffered by children as a factor 
affecting decision-making or the investigative process; perceptions of the seriousness of intracranial 
injuries in young children 
Dealing with uncertainty: any remarks about managing uncertainty in suspected AHT cases and how the 
degree of certainty impacts upon decision-making or the investigative/assessment process; discussions 
about so-called ‘grey’ cases where there is considerable uncertainty surrounding the diagnosis 
Circumstantial factors Circumstances surrounding the incident: discussions about the specific circumstances associated with 
the incident, including any witnesses to the event; details regarding the initial 999 call; examinations of 
the scene or surface where the incident purportedly occurred; comments about time to presentation at 
hospital including a delay in presentation; the behaviour of the parents at the hospital or the scene and 
the parent-child interaction 
History: any discussions about the explanation for the child’s injuries provided by the parents or carer, 
including whether the history given is consistent with the level of injury or the developmental stage of 
the child; or consistent across time and between caregivers 
Family factors Social history: any discussions regarding the social history of the family, including parental drug and 
alcohol use; parental mental health issues; domestic violence; previous involvement with social services; 
level of supervision of the child or previous history of neglect; socioeconomic status; and criminal history 
Impact on the child/family: any discussions regarding the impact that removing a child from the home or 
accusing a parent of AHT would have on the child and family 
Working with the family: anything relating to the challenges of working with the family during a 
suspected AHT case, and the need to act sensitively 
Psychological factors Personal biases: any remarks relating to disbelief or doubt that parents or carers are capable of inflicting 
injuries on their children; discussions of biases relating to the education level of the parents, 
socioeconomic or employment status, family structure or whether the family appears ‘troubled’ 
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Instinct: any allusions to ‘professional instincts’ with regard to whether AHT has occurred, or instincts 
about a possible perpetrator, often referred to as a ‘gut feeling’ 
Emotional factors: any comments about the emotional or psychological impact of working on suspected 
AHT cases and how this may affect decision-making 
Legal factors Identifying the perpetrator: any comments about identifying a potential perpetrator in suspected AHT 
cases 
Expert witnesses: any discussions about working with or relying on expert witnesses; comments about 
disagreements between experts; remarks or interpretations about theories put forward by defence 
expert witnesses in an attempt to disprove cases 
Evaluations of 
PredAHT 
 
 
Potential benefits of 
PredAHT 
 
Objectivity: any perceptions of PredAHT as being free of personal biases or evidence-based, and the 
advantages of this for investigating suspected AHT cases 
Awareness: any comments regarding PredAHT as useful for heightening awareness of the possibility of 
AHT (or nAHT), or reinforcing, increasing (or decreasing) concerns or suspicions about possible AHT  
Reassurance: comments about how PredAHT could provide assurance or confidence that participants’ 
concerns, suspicions or investigations (or lack thereof) are justified; accounts of how PredAHT may be 
useful to back up or support participants’ professional opinions or judgment  
Rationalization of decisions: any comments regarding PredAHT as useful for helping participants to 
explain, justify or rationalize their decision-making in suspected AHT cases 
Standardization of clinical investigation: any comments regarding PredAHT as useful for prompting 
clinicians to perform a clinical work-up to look for fractures or retinal hemorrhages, or modifying the 
clinical investigation e.g. by double-checking results 
Justification for further action: any comments about PredAHT as useful for justifying further action, 
investigations or assessments, including clinical/social work investigations, requests for charging 
decisions, or additional resources 
Contributing to ‘the bigger picture’: discussions about PredAHT as an additional factor to be considered 
as part of the wider picture; comments about PredAHT being useful for piecing parts of the clinical 
information together  
Communication: discussions about PredAHT as useful for facilitating communication between 
professionals; comments about whether the participants would share the result of PredAHT with their 
colleagues; any references to how the scores might be discussed at multi-agency strategy meetings or as 
part of information sharing 
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Training: discussions about the benefits of being aware of the six clinical features included in PredAHT as 
potential indicators for AHT, or of PredAHT being useful for peer review or training purposes  
Useful for ‘grey’ cases: discussions regarding how PredAHT may be beneficial when working on ‘grey’ 
cases, where there is considerable uncertainty surrounding the diagnosis 
Useful for the less experienced: any comments regarding the potential benefits of PredAHT for those 
who have had little experience working in the child protection arena  
Potential risks of PredAHT 
 
 
Over-reliance: any concerns that professionals may place too much reliance on PredAHT to aid their 
decision-making in suspected AHT cases 
False reassurance from a low score: any remarks about a ‘low score’ e.g. 14% instilling a false sense of 
security; concerns that appropriate investigations would not be carried out if a low score was obtained  
May not be used as intended: any concerns that the tool would be improperly used; concerns that it may 
be used in isolation, without consideration of other factors relevant to AHT cases such as caregiver 
provided history or social history; concerns that the tool is too reductionist or crude 
Accuracy of PredAHT: any comments relating to the accuracy, sensitivity or specificity of PredAHT, 
discussions about false positives or false negatives and related implications 
Irrelevant: any comments about PredAHT being irrelevant or not particularly useful for participants’ 
decision-making, remarks that it may not add much to what is already known 
Features not included in PredAHT: any important features that the participants’ feel are missing and why 
e.g. skull fractures  
Age, number, location, pattern and severity of injuries: discussions regarding any information or details 
about suspected AHT cases that cannot be taken into account by PredAHT and the impact this may have 
on decision-making; comments relating to the inability of PredAHT to account for or distinguish between 
repeated or multiple injuries that may have been sustained over time, e.g. healing fractures; the precise 
location or pattern of the injuries e.g. posterior rib fracture; the seriousness of the injuries 
Introduces bias: remarks that PredAHT may condition decision-making or introduce apparent or 
unconscious bias  
Provisos for the use of 
PredAHT  
If accepted by colleagues: comments regarding the acceptability of PredAHT to colleagues in the medical 
profession or colleagues in their own or other agencies as a stipulation for use  
Alongside professional judgement/other factors: any remarks regarding PredAHT being an additional 
piece of information to make use of in conjunction with other factors relating to the case as well as 
participants’ professional opinion 
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If kept up to date: comments about the need for PredAHT to be regularly updated in light of current 
evidence  
Definition of the features: participants’ understandings of the features included in PredAHT; remarks 
about the need for the features to be explicitly defined  
Understanding how PredAHT works: remarks about the desire to understand how PredAHT was 
developed, how it works and how it should be used; comments about training requirements 
Quality of the data: comments about the need to appraise the quality of the underlying data used to 
derive PredAHT 
Agreeing accepted risk thresholds: discussions about differing risk thresholds and the need for a 
consistent interpretation of the scores between colleagues and between agencies 
Practical use of PredAHT  Usability/simplicity: any comments about the ease of use of PredAHT, any potential barriers to 
completing it e.g. time/complexity  
Hospital settings it would be useful: comments about the settings in which PredAHT could be used e.g. 
district hospitals, the paediatric intensive care unit, the emergency department 
Stages of the assessment process: comments about the relative usefulness of PredAHT at the different 
stages of the investigative/assessment process; remarks about the best time point to use it 
Who should complete it: discussions about the best person to be responsible for completing PredAHT 
e.g. admitting consultant/safeguarding professional 
Integration into the clinical workflow: any remarks about how PredAHT might be implemented into 
existing hospital systems; comments about the most appropriate medium by which to use it e.g. 
computer/phone  
Prior probability: comments about estimating a prior probability of AHT and whether this would be 
difficult to do in practice; remarks about needing more information or guidance to complete this aspect 
of the tool; comments about the impact of incorporating a prior probability of AHT into the tool 
Use of PredAHT in court Evidence-based: comments about PredAHT being useful in a court setting because it is based on 
evidence or has been validated  
Standards of proof: discussions about the value of PredAHT in court in relation to the standards of proof 
adhered to in different court settings; concern that a high score may equate to the term “beyond all 
reasonable doubt” and act as a deciding factor in a conviction 
Irrelevant: comments that PredAHT could not account for every factor in every case and so would be 
dismissed; comments that PredAHT can only take into account a limited number of clinical features 
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Cross-examination: any remarks about counter-arguments that may arise as a result of using the tool in 
court e.g. criticisms of how the tool was developed, claims that the case falls into the reverse or ‘flip’ of 
the probability given by the tool; the need for those presenting the results to understand and explain 
how the tool was constructed 
Identifying the perpetrator: comments about the inability of PredAHT to identify a possible perpetrator 
in suspected AHT cases 
Historical child protection court cases involving statistical evidence: any discussions about previous court 
cases in child protection that have involved the use of quantitative tools or probability theory, and the 
impact of these cases on participants’ thoughts about using PredAHT in court 
Medical court report: remarks about how the score could be useful as part of the wider medical report 
submitted to the courts  
Participants’ 
opinions about 
how to present the 
calculated 
probabilities 
Percentage probabilities 
vs. broad risk categories: 
Any comments regarding whether the results should be expressed as a precise numerical score, or using 
broad categories e.g. ‘low, medium and high likelihood of abuse’; any explanations for participants’ 
preferred choices 
Confidence intervals Any discussions about participants’ understanding of confidence intervals; any comments about whether 
or not they should be provided alongside the score and why 
Additional suggestions Any other suggestions for expressing the results generated by PredAHT, including associated disclaimers, 
background information or visual aids   
Participants’ 
interpretation of 
probabilities in the 
context of 
suspected AHT 
Threshold criteria  
 
Any comments about participants’ accepted probability thresholds for abuse and non-abuse; discussions 
about thresholds for continuing or stopping investigations/assessments; perceptions of the percentage 
equivalents and meanings of different risk categories such as ‘likely’ and ‘unlikely’  
Comments on PredAHT 
scores 
Comments about the percentages that PredAHT gives for different combinations of features; 
participants’ opinions of the scores associated with any cases they are describing 
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Appendix 18. Samples of analysed transcripts from each of the professional groups 
Themes, Categories, Subcategories 
Legal practitioners 
Group interview with Judges: LP[J]1, LP[J]2, LP[J]3 
LP[J]3: Now I would agree with LP[J]2 there will sometimes be 
subtleties and particularly in the expert evidence that we get, and you 
will have two extremely eminent experts sometimes from different 
disciplines, sometimes the neurosurgeon has a different view from the 
radiologist. I can remember doing a case in which they had looked at 
the same scan and said I don’t think we can agree what’s there… 
 
Interviewer: Right.  
 
LP[J]3: …you know I don’t think that’s, that. I think that is that. 
So those are the difficulties that you have to encounter when you get 
a range of opinion on the interpretation of the medical evidence, and 
sometimes that can be further complicated by the experts saying “well 
in order to give you categorical decisions on this I would have wanted 
another scan in 28 days because that would then have helped me to 
be more precise about when this is likely to have happened”, or “I 
could have tied it more neatly to a particular event”.  
 
Interviewer: Yeah.  
 
LP[J]3: What we tend to get quite often in non-accidental head 
injury cases is you will get the 999 call so in cases where something 
bad has happened to the child it takes a while from the event to the 
999 call, to the ambulance coming, to them getting to the hospital. In 
other cases you have the panicked parent, you know something’s 
happened to the child, the child has stopped breathing, the child has 
had a fall or whatever and you can hear you know that things are 
happening, I mean I once had a case in which I found that it wasn’t an 
inflicted injury, where you could hear the mother saying “oh my god 
she’s being sick”, so there were things going on, on the 999 tape that 
Factors 
influencing 
decision-making 
Legal factors 
Expert 
witnesses 
 
 
 
 
Factors 
influencing 
decision-making 
Circumstantial 
factors 
Circumstances 
surrounding the 
incident  
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allowed you to better evaluate the situation, because for us the 
difficulty is the only people who are there is the person who, if it’s an 
inflicted  injury, caused the injury. They don’t usually do it when 
somebody else is looking because the classic is the degree of force that 
is used is a degree of force that an objective bystander would say “if 
you carry on doing that this child is going to be injured”. So they don’t 
do it when somebody else is present, they may be in the home but 
they are coming on to the event after it’s actually happened.  
 
Interviewer: Yeah.  
 
LP[J]3: So essentially you have to evaluate ‘do I believe the 
account of the person who has said this is how it happened’? Usually 
that’s inconsistent with what the experts are saying could be the 
progression of the child’s condition, and it’s a bit like a jigsaw puzzle, 
you’re having to put together a number of different pieces of evidence 
to see if you can get any closer to the truth. Very often we have to give 
judgements in which we say “I can’t say what happened to the child I 
cannot make any finding as to the precise facts of the circumstances 
in which the injury was occasioned, but this was a degree of force that 
this child ought not to have been subjected to, it was occasioned by ‘X’ 
and I therefore regard it as an injury that was deliberately caused in 
the sense that there was a direct link between the act of an adult and 
the condition that the child was left with”, but sometimes that’s as far 
as you can go. 
 
LP[J]2: I agree yeah I agree I mean you know what you’re looking 
for really especially in terms of the 999 calls is appropriate distress and 
an explanation that fits with what is in the differential diagnosis as to 
causation I mean that’s what you’re looking for isn’t it? Sometimes you 
get “nothing happened” literally I mean...nothing happened the child 
just went down and started to falter, didn’t breathe, started to fit... 
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Police Officer: PO1 
PO1: …it’s just so complicated with child injuries. You know 
there can be natural explanations for it and of course nobody ever 
wants to think that parents do this to children. 
 
Interviewer: Yeah. 
 
PO1: So you know, you need something objective telling you, 
well okay, you might not want to think that these parents do this, but 
experience tells us they do when these are presented. It’s more likely 
than not that it was inflicted, and I think, you know, perhaps for me, 
I’ve seen a few cases so I’m more cynical, but other Detective 
Inspectors who in the middle of the night get this, you know it would 
perhaps help them to think along the lines of “actually, I’m suspicious, 
because chances are this isn’t natural causes or accidental”. 
 
Interviewer: Okay. So if, for example, a clinician came to you and said  
I’ve got this case, it’s 85% abuse, would you want to know which of the  
features have gone into deciding that score?  
 
PO1: Kind of, but I wouldn’t, um…well I would but I would be 
getting the full medical report anyway. It might be a post-mortem 
report. If it was a post-mortem, obviously you get the initial report 
when you… if it was anything like this you would be doing a forensic 
post-mortem. So you would be there at the post-mortem getting it 
first hand from the pathologist then you would have the initial report, 
which would list all the detail and some interpretation to it. So I 
wouldn’t really need to know too much detail about that.  
 
Interviewer: Yeah.  
 
PO1: And again if it was um, if it was a paediatrician calling me 
from the hospital about a child who hadn’t died, I wouldn’t specifically 
want to know these because I wouldn’t be needing to know if there 
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was head or neck bruising. I would want to know about every mark on 
that child and what it was. Um, the skeletal survey, you know I’d want 
to know detail of what injuries there were, where they were, so yeah 
you would want an absolute detailed breakdown of everything 
medically about the child. Not just whether there was a rib fracture. 
 
Interviewer: Okay, yeah. So can you think of a recent case or not  
necessarily recent, just any case where this might have been  
useful for you? It may be not so useful in the one with the genetic 
…maybe in perhaps a non-fatal case? 
 
PO1: Um, I think it might have been useful in that case. Just from 
our point of view, we were suspicious from as soon as we found the 
um, the subdural haemorrhage, but um, yeah… I mean the numbers 
are quite surprising. 
 
Interviewer: Yeah 99.8%. 
 
PO1: Yeah and I’m not even sure that the experienced 
paediatricians and pathologists would have put it quite as that unlikely 
to see all these things presented. Um, I’m not sure it would have 
changed much of what we had done…but it might have made us look 
at things slightly different. But yeah, it would have been useful just to 
have that. 
 
Interviewer: Yeah. 
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Child protection social worker: SW1 
Interviewer: Was it your job then to make a decision regarding 
whether abuse had occurred or not in this case? 
 
SW1: No we were very much led by the paediatricians so whilst 
we were responsible for safeguarding the child in terms of it then going 
into the family courts, because whenever we get a case of suspected 
abuse, a head injury it’s very, very likely that we would be going into 
the court arena and then you know, the judge will then decide whether 
there needs to be expert witnesses and the paediatricians report will 
always kind of dictate our decision making, whereas we normally 
would remove the child and the siblings on a kind of basis of there’s 
no other medical cause for that type of injury, so it has to be, that’s 
our assumption then we would look at safeguarding the siblings as 
well, even if they haven’t got any injuries. So even though we do make 
decisions about safeguarding, we’re led very much by the 
paediatricians and what we’re hoping for is for a paediatrician to step 
up and be willing to say yes this is non-accidental injury. Sometimes 
we don’t get that, but with this type of trauma normally it’s quite clear 
cut that there’s no other explanation. 
 
Interviewer: Okay, so I know you said it’s not really your job to make  
those decisions but do you form an opinion yourself in these cases as  
to whether it is abuse or not? That’s what I’m trying to get at. 
 
SW1: Yes, yes I suppose we look at exploring the family 
dynamics, the response of the parents during the immediate child 
protection enquiry, the interview and we look at the dynamics and 
obviously, you do get a gut feeling sometimes about a perpetrator. 
Unfortunately in all of my cases that I’ve had of that type of situation, 
or with bruising or fractures it’s all with unfortunately the father, or 
the mum’s partner and it’s sometimes quite obvious in the initial 
interview that they present in a certain way, and often they won’t 
admit, obviously, and then it comes out much later on, but yeah you 
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know we go on our professional judgement as well and we look at the 
whole context, so in that sense we are able to form an opinion that we 
think it was highly likely that this was abuse because of so and so, it 
might be the family have got a chronology, a history of involvement 
with us that we would consider as well. There may be a history of 
neglect, or domestic violence, we consider all of that as well. 
 
Interviewer: How difficult do you find it working on these cases? What  
are the challenges? 
 
SW1: Very, very difficult, I’ve had a similar case where it was a 
middle class family, and a child with a head injury and I had a gut 
feeling that you sometimes feel that these parents didn’t do this, or 
this hasn’t happened, and unfortunately because there’s no other 
medical explanation at this time as far as I’m aware for this type of 
symptom in a baby, we have to remove the child, and sometimes that 
child won’t go back because there’s no other evidence, and sometimes 
you do get this feeling, that actually what if it was something else and 
actually these parents didn’t do it and there’s been cases where we’ve 
removed children, we’re doing it begrudgingly because of medical 
evidence and you genuinely from the way the parents are with the 
child, their backgrounds you just don’t think. So that’s very difficult 
ethically having to remove a child on the basis of a medical decision 
where there’s nothing else to substantiate that, and that does happen 
but at the end of the day if there is no other medical evidence, you 
know you can’t take that, that risk. So it is difficult sometimes. 
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Pathologist: PA1 
Interviewer: Okay, so in these cases then was it your job to 
make a decision regarding whether abuse had occurred or not?  
 
PA1: Um, only in the sense that the people investigating the 
deaths are wanting a steer on whether that deceased child was abused 
or not. So the pathological examination is looking for evidence of injury 
for starters and once you have found evidence of injury you have to 
decide what the distribution of injury says in terms of how the injuries 
might have been sustained. 
 
Interviewer: So thinking about some of the cases that you’ve 
been involved in, can you tell me a little bit about the factors that 
contributed to your decision making?  
 
PA1: Uh as to whether the injuries that I’ve found are likely to 
have been from an assault or something else? 
 
Interviewer: Yes. 
 
PA1: So I um, first of all see whether there is any injury and 
decide what sort of injury it is, whether it’s a blunt force injury or sharp 
force injury etcetera and then the distribution of the injuries on the 
body and uh then relate the distribution that I find with what I know 
about the literature on different patterns of injury for assault or 
accident, falls.  So lots of different potential explanations for an injury 
or a set of injuries and then my job is really to put all of the pathological 
findings together in the context of what is known about the case and 
other peoples’ evidence like radiologists, haematologists etcetera, and 
then try and put it all together and give the investigators a steer on 
what I think is going on. 
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Interviewer: Yeah okay, so are you able to tell me a little bit 
about the specific patterns of injuries that you look for when you’re 
trying to make these decisions? 
 
PA1: Uh any injuries which are not confined to bony 
prominences of the body um, could potentially be from an assault. 
Specific areas of the body like the ears are difficult to injure um, in a 
fall for example unless you fall on a piece of furniture with projecting 
edges um, so injuries on ears in children and particularly in infants are 
concerning. 
 
Interviewer: Yeah. 
 
PA1: Any injuries that have got a specific pattern in them um, 
because that allows me to make sure that I document those injuries in 
such a way that if a surface of interest is recovered later on then a 
comparison can be made later on photographs of each of those 
surfaces, um, injuries to certain parts of the body which are less 
commonly injured accidentally, genitalia, anus um, certain injuries on 
limbs so on the ulna borders of the arms might be from um, defence 
type injuries. Injuries to fingers, finger nails which have been torn um, 
but essentially it’s not a specific, not a single individual injury that says 
to me this is assault above any other explanation it’s where are the 
injuries, what sort of injuries are they, bruises, abrasions are they 
burns do they look like they’ve been caused by something with a shape 
to it or a pattern um, and it’s an integration of all of those types of 
injuries where they are and how many are there so it’s not one 
particular thing. 
 
Interviewer: How difficult do you find it to make a decision 
regarding you know whether abuse has occurred or not in these cases? 
 
PA1: It’s very difficult, and can be impossible based on the 
pathology alone.   
Factors 
influencing 
decision-making  
Medical factors 
Clinical features 
Factors 
influencing 
decision-
making  
Medical factors 
Clinical features 
Mechanism of 
injury 
Professional 
factors 
Seeing ‘the 
bigger picture’ 
 
Factors 
influencing 
decision-
making  
Professional 
factors 
Difficulty 
making the 
diagnosis 
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Clinician: C5 
C5: I think it would be useful. I think we are able to make those 
decisions because the reports from the other consultants who are part 
of this investigative process will also give their opinions. So, you know, 
you have the ophthalmologist, if there’s several retinal 
haemorrhages...They all say this is indicative of non-accidental injury. 
The neurologist wants to say, you know, this is indicative, highly 
suspicious of non-accidental injury. So you’ve got all these other 
clinicians who are saying the same thing as you and so you’re pretty 
confident that everybody’s saying the same and this can’t be anything 
else based on the story that you’ve been given. We have never given 
any numbers for that confidence. When...It would be really useful if 
when we’re talking to parents and explaining, “this is why and how we 
have come to this decision. This is not a hunch. This is a validated tool 
and with this combination of features then this is what it is.” 
 
Interviewer: Yeah. 
 
C5: Secondly, in the court arena I think it’s going to be really very 
useful because it’s not our hunch against the next doctor’s hunch, you 
know? And I think peoples’ general opinion that babies aren’t injured 
by their carers and their parents...You know people don’t want to hear 
that and they certainly don’t want to believe it and acknowledge that 
this is happening, but if you’ve got a validated tool saying, “actually 
this is what has happened to this baby because of the other injuries 
that we’ve seen” then I think it’s going to be a very valuable indeed.  
 
Interviewer: Okay. That’s great. So you’re saying that it would 
be valuable to talk to the parents and... 
 
C5: It would be valuable for talking to the police, social 
workers...Just to say, “listen we’ve got this...” Because they will always 
say to you, “is there anything else it could be? Are we getting this 
wrong? Are we missing something medical?” I think when you’re able 
Factors 
influencing 
decision-making 
Professional 
factors 
Reliance on other 
professionals  
 
 
Evaluations of 
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Potential benefits 
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Potential benefits 
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to say with a degree of certainty, “no, this is what it is because this is 
a validated tool. With this combination of injuries this is how confident 
we can be” then I think it is going to be valuable for them as well.  
 
Interviewer: Okay, but it would be less valuable for you among 
your clinical colleagues, is that what you're saying?  
 
C5: Well we’re not using it and I think [pause]. No, I don’t think 
it’s going to be less valuable. I think we’re pretty happy with what we 
are saying now because in these situations they’re so awful that 
everybody’s generally saying the same thing. We rarely have a child 
with this pattern of investigations and results when somebody’s saying 
this is definitely not abuse. We don’t have anybody who is dissenting. 
I can’t think of that happening. Everybody seems to be saying the same 
thing whenever these cases come about. That’s not to say that this 
isn’t going to be valuable but I think we’ve probably...Unless you...We 
can prove that some of these are slipping through the net because we 
haven’t got a tool. I think we are dealing with them as abusive head 
injuries anyway.  
 
Interviewer: Yeah.  
 
C5: But I think having a percentage figure and a number makes 
us happier that this is what we’re saying.  
 
Interviewer: Okay. 
 
C5: So I don’t think it’s less valuable then but we’re not used to 
using it. I think we could use it and I think we would find that the 
confidence that gives us very valuable.  
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Appendix 19. Consolidated criteria for reporting qualitative studies (COREQ): 32-item 
checklist  
 
Developed from:  
 
Tong A, Sainsbury P, Craig J. Consolidated criteria for reporting qualitative research (COREQ): a 
 32-item checklist for interviews and focus groups. International Journal for Quality in 
 Health Care. 2007. Volume 19, Number 6: pp. 349 – 357 
 
Item number  Guide questions/description Reported in 
Domain 1: Research team 
and reflexivity 
  
Personal Characteristics   
Interviewer/facilitator Which author/s conducted 
the interview or focus 
group? 
Laura Cowley 
Methods – Data Collection 
Credentials What were the researcher’s 
credentials? E.g. PhD, MD 
MSc Neuropsychology 
BSc (Hons) Psychology  
Occupation What was their occupation 
at the time of study? 
PhD student 
Methods – Data Collection 
 
Gender Was the researcher male or 
female?  
Female  
Experience and training What experience or training 
did the researcher have?  
The researcher received 
substantial experience with 
qualitative research methods 
in her undergraduate and 
postgraduate degrees, and 
undertook a number of 
qualitative research projects 
as part of these. This 
experience was 
supplemented with the 
following recent training 
courses: “Interviewing in 
Social Science Research” 
(2015), “Qualitative Analysis 
Software” (2015), 
“Qualitative Data Analysis” 
(2016) and “Interpreting and 
writing up your Qualitative 
findings” (2016) 
Methods – Data Collection 
Relationship with 
participants 
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Relationship established Was a relationship 
established prior to study 
commencement?  
No 
Methods – Data Collection 
Participant knowledge of the 
interviewer 
What did the participants 
know about the researcher? 
e.g. personal goals, reasons 
for doing the research 
Participants were informed 
that the research study was 
being conducted as part of 
the researcher’s PhD project 
via the Information Sheet 
Interviewer characteristics  What characteristics were 
reported about the 
interviewer/facilitator? e.g. 
bias, assumptions, reasons 
and interests in the research 
topic  
The interviewer is a PhD 
student researching abusive 
head trauma and considered 
how her assumptions may 
influence the interviews and 
findings  
Methods – Data Collection 
Domain 2: study design   
Theoretical framework   
Methodological orientation 
and Theory 
What methodological 
orientation was stated to 
underpin the study? e.g. 
grounded theory, discourse 
analysis, ethnography, 
phenomenology, content 
analysis  
Thematic analysis based on a 
general inductive approach 
 
Methods – Data Analysis 
Participant selection   
Sampling How were participants 
selected? e.g. purposive, 
convenience, consecutive, 
snowball  
Purposive and snowball 
sampling to identify 
professionals involved in 
suspected AHT cases 
Methods – Participant 
recruitment 
Method of approach How were participants 
approached? e.g. face-to-
face, telephone, mail, email 
Email, or letters to judges 
 
Methods – Participant 
recruitment 
Sample size How many participants were 
in the study?  
56 
Table 1 and Figure 1 
Non-participation How many people refused to 
participate or dropped out? 
Reasons?  
97 invited 
76 registered 
56 took part 
Figure 1 
Setting   
Setting of data collection Where was the data 
collected? E.g. home, clinic, 
workplace 
Participants’ workplace 
Methods – Data Collection 
Presence of non-participants Was anyone else present 
besides the participants and 
researchers?  
Yes MF to record field notes 
Methods – Data Collection 
Description of sample What are the important 
characteristics of the 
Table 1 
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sample? e.g. demographic 
data, date  
Data collection   
Interview guide  Were questions, prompts, 
guides provided by the 
authors? Was it pilot tested? 
The schedule included open-
ended questions, prompts 
and clarifying questions and 
was piloted with two people 
Methods – Interview 
Schedule Development 
Repeat interviews Were repeat interviews 
carried out? If yes, how 
many? 
No 
Methods – Data Collection 
Audio/visual recording Did the research use audio 
or visual recording to collect 
the data?  
Audio recording 
Methods – Data Collection 
Field notes Were field notes made 
during and/or after the 
interview or focus group?  
Yes 
Methods – Data Collection 
Duration What was the duration of 
the interview or focus 
group?  
45 minutes 
Methods – Data Collection 
Data saturation Was data saturation 
discussed?  
Yes data saturation was 
verified using the constant 
comparative method 
Methods – Data Analysis 
Transcripts returned Were transcripts returned to 
participants for comment 
and/or correction?  
Only for two people who 
declined to be audio 
recorded  
Methods – Data Collection 
Domain 3: analysis and 
findings 
  
Data analysis   
Number of data coders How many data coders 
coded the data?  
Three 
Methods – Data Analysis 
Description of the coding 
tree 
Did authors provide a 
description of the coding 
tree? 
The analytic framework is 
provided in Appendix 3 
Derivation of themes Were themes identified in 
advance or derived from the 
data?  
Derived inductively from the 
data  
Methods – Data Analysis 
Software What software, if applicable, 
was used to manage the 
data? 
NVivo 10 
Methods – Data Analysis 
Participant checking Did participants provide 
feedback on the findings? 
No 
Methods – Data Analysis 
Reporting   
Quotations presented Were participant quotations 
presented to illustrate the 
themes/findings? Was each 
Quotations were presented 
and each participant was 
identified according to their 
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quotation identified? e.g. 
participant number  
professional group and 
participant number 
Results 
Data and findings consistent Was there consistency 
between the data presented 
and the findings?  
The use of the constant 
comparative method 
ensured that quotations 
under each theme and 
category were reviewed for 
consistency and coherence 
Results 
Clarity of major themes Were major themes clearly 
presented in the findings?  
All themes and categories 
identified during data 
analysis were presented in 
the results  
Results 
Clarity of minor themes Is there a description of 
diverse cases or discussion 
of minor themes?  
Yes, discrepant cases and 
minor themes are discussed 
throughout the results 
Results 
 
 
 
 
 
 
 
 
627 
 
Appendix 20. Additional participant quotations 
Theme Category Sub-category Finding Quotation(s) 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Participants’ 
perceived role in 
the decision-
making process  
The self-perceived role of CPSWs and 
judges in suspected AHT cases is to 
protect the child from future harm, 
rather than to determine whether AHT 
has occurred per se.  
“If the injuries were caused, and if they 
weren’t caused, are there other factors 
which would mean that this child is still at 
risk of harm? Sometimes I’ll have a lot of 
concern of other factors…even if it was 
found that the injuries weren’t caused, or 
the judge decided that they weren’t caused. 
Sometimes there’s other factors that might 
mean that the children can’t go home.” 
CPSW 6 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Reliance on other 
professionals 
CPSWs and police officers are heavily 
reliant on medical professionals to 
come to a decision as to whether AHT 
has occurred, and to guide their 
decision-making. 
“Even though we do make decisions about 
safeguarding, we’re led very much by the 
paediatricians and what we’re hoping for is 
for a paediatrician to step up and be willing 
to say yes this is non-accidental injury.” 
CPSW 1 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Reliance on other 
professionals 
Clinicians and pathologists highlighted 
that other professional groups 
shouldn’t be relying solely on them to 
come to a decision about suspected 
AHT. 
 
“It is the information provided by other 
people like the safeguarding nurse and the 
health visitor and the primary care 
professionals, and the school and police and 
social services [too].” Clinician 12 
 
Factors 
influencing 
decision-making 
Professional 
factors 
Reliance on other 
professionals 
Many CPSWs, police officers and legal 
practitioners, including judges, said 
that decision-making is more difficult 
when medical professionals are unable 
“In all honesty, the only difficulty comes 
when a clinician sits on the fence.” Police 
Officer 6 
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in suspected AHT 
cases 
to provide them with a clear answer as 
to whether AHT has occurred or not, or 
when they will not commit to a view 
either way. 
 
“One of the difficulties for the forensic 
process is even the most eminent expert 
witnesses who come to give evidence will 
say ‘Well in medicine we can never say 
never’.” Judge 3 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Reliance on other 
professionals 
Although clinicians do rely on other 
agencies to assist them in making 
decisions in suspected AHT cases, they 
seek support and advice from clinical 
colleagues to a greater extent.  
“I’m heavily reliant on colleagues within 
Neurology and Neuroradiology as well as 
other agencies as well.” Clinician 4 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Multidisciplinary 
collaboration  
A handful of participants identified 
multidisciplinary working as a barrier to 
decision-making due to competing 
interests and disagreements between 
professionals both within and across 
agencies. 
“We can be relatively concerned and social 
services can go ‘I’m not really concerned 
and I’ve been working with the family and 
we know them’, which they may well be 
right about.” Clinician 13 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Multidisciplinary 
collaboration  
CPSWs and police officers noted that 
delays can occur while the other 
agencies are carrying out their own 
assessments, which impacts on the 
overall investigation.  
“There have been times when we’ve been 
delayed, because we’re waiting for the 
police and it’s meant real delay for this 
family.” CPSW 9 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Professional 
factors 
Confidence Participants’ confidence when 
investigating suspected AHT cases is 
strongly related to the amount of 
experience they have.  
“I think I am getting to the point in my 
career where I have had a lot of experience 
of doing them and I am probably as 
confident as I am going to get.” Clinician 12 
 
Factors 
influencing 
decision-making 
Professional 
factors 
Seeing ‘the bigger 
picture’ 
In terms of professional decision-
making strategies, participants’ 
discussed the importance of ‘seeing the 
bigger picture’ in suspected AHT cases, 
“I guess it is the whole picture and the 
intricate details of the whole picture, that 
often comes in stages. Usually then it is 
piecing all of that information together to 
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in suspected AHT 
cases 
and piecing together evidence from 
various different sources.  
 
see what kind of picture you've got.” 
Clinician 12 
 
“We tend to equate it to pieces of the 
puzzle. We bring the pieces of the puzzle to 
the table, put it together, and when you can 
see them together you understand the 
picture.” Police Officer 3 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Medical factors Clinical features Some participants, particularly police 
officers, have a high suspicion of AHT 
when the “triad” of subdural 
haemorrhages, encephalopathy and 
retinal haemorrhages is present. 
However, importantly, these were not 
the only features that these 
participants considered when coming 
to a decision about AHT.  
 
“The thing is, if they’ve got the triad or 
whatever, those features and they’ve come 
with an intracranial injury and then there’s 
another fracture, and there’s no clear 
alternative medical explanation, they’re 
actually very easy in the sense of the 
medical diagnosis is clear…child abuse can 
be easy to diagnose when there’s other 
features, particularly like unexplained 
fractures and bruising.” Clinician 3 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Medical factors Severity of injuries A clear factor influencing participants’ 
decision-making is the severity of the 
injuries sustained. The more clinical 
features a child has, or the more 
impaired they are, the more likely 
participants’ are to suspect AHT.  
“Physical findings…if they have immediate 
evidence of severe brain dysfunction, so 
they are encephalopathic with seizures or 
they are needing life support, they are 
severely impaired and needing 
resuscitation.” Clinician 10 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Circumstantial 
factors 
History The single most important factor that 
influences participants’ decision-
making when AHT is suspected is the 
history, in particular whether the 
mechanism of injury is consistent with 
the type and severity of the injuries or 
the developmental stage of the child. 
“If the specific explanation for the injuries 
doesn’t explain the findings then that also 
makes me more concerned.” Pathologist 1 
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Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Circumstantial 
factors 
History Participants find decision-making 
difficult when the history is consistent 
with the injuries, but the mechanism 
could nevertheless be either abusive or 
accidental. 
“If you’ve got a parent saying that they’ve 
fallen down the stairs then you would know 
that the injuries would be consistent with 
that, it doesn’t mean to say it happened that 
way.” Police Officer 2 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Circumstantial 
factors 
History An influential factor is whether the 
history is consistent over time and/or 
between caregivers.  
 
“It tends to be the story from the family and 
whether that story is consistent, so 
sometimes the story can change over time 
and it will become more elaborate.” 
Clinician 15 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Family factors  Social history Participants discussed the importance 
of the families’ social history when 
investigating suspected AHT cases. 
They talked about a wide range of 
issues including parental drug and 
alcohol use; parental mental health; 
domestic violence; previous 
involvement with social services; 
parent-child interactions; level of 
supervision of the child; neglect; 
socioeconomic status; and parental 
criminal history.  
 
  
“You have to look at the child in context of 
the family, so you have to decide if there are 
any if you like what we would call dynamic 
risks factors so any parental behaviour 
which fluctuates for example, drugs, alcohol, 
mental health issues, domestic violence. Any 
social services background in relation to that 
child, or older children.” Judge 3 
 
“We have of course put a lot of weight on 
the social factors as well concerning the 
family and what we can learn about them, 
the background intelligence information.” 
Police Officer 8 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Family factors  Social history CPSWs and police officers place more 
emphasis on factors within the family 
than clinical factors. 
 
“I think those of us who have dealt with 
several of these and who have sort of made 
a career of child protection have a better 
than average understanding of brain injury, 
but we don’t begin to get the complexity of 
how they might present or how they might 
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have arisen. And so whether we like it or not 
we’re really influenced by what else we 
know. We are.” Police Officer 4 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Family factors  Impact on the 
family 
A major factor influencing participants’ 
decision-making in suspected AHT 
cases is the impact on the family. They 
discussed the impact of removing a 
child from the family home, and how 
intervening in a child’s home life could 
be damaging for the child and family, 
particularly where a head injury is 
found to be non-abusive. The decision 
to remove a child from their parents is 
not taken lightly, as it may not be the 
best thing for the child. 
“It’s a hell of a thing you know to point your 
finger at the parents of the child and then 
look at removing the child from the family 
and you know that’s not always necessarily 
the best thing for the family at all, but this is 
an overriding need to safeguard.” Police 
Officer 3 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Family factors  Working with the 
family 
Clinicians, CPSWs and police officers 
find it difficult working with the family 
and having to treat parents as potential 
suspects or perpetrators when they are 
grieving or coping with a seriously 
unwell child. Participants talked about 
the need for sensitivity and the 
potential repercussions of falsely 
accusing a family of abuse.  
“You have to be very careful because it 
could be something that is not abuse so 
you’ve got to be very careful about how you 
deal with the family as well…you just have 
to deal with it very sensitively and very 
carefully.” Police Officer 5 
 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Psychological 
factors 
Personal biases Participants’ decision-making in 
suspected AHT cases is influenced by 
their own personal biases, such as a 
disbelief that parents or carers from 
‘nice, middle-class families’ are capable 
of inflicting injuries on their children.  
 
“The PRUDiC [Procedural Response to 
Unexpected Deaths in Childhood] process 
came to the conclusion there’s no concerns 
basically because the parents were both 
social class one and professionals, one of 
whom was a doctor, and basically the 
attitude seemed to be well this doesn’t fit 
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the normal demographic for child abuse.” 
Pathologist 2 
 
“A lot of clinicians wouldn't believe it ‘Oh 
they are such nice parents, they can’t have 
done it, it must have been an accident’.” 
CPSW 8 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Psychological 
factors 
Personal biases Most participants acknowledge their 
personal biases and attempt to remain 
objective in their assessments. 
 
“I think the minor injuries I don’t feel 
confident about because you often end up 
basing it on other stuff as well; are they 
already known to social services, or are 
there previous concerns. But that’s not to 
say those kind of families can’t have an 
accident like anybody else and that 
somebody who’s never met social services 
hasn’t done something in a fit of anger.” 
Clinician 13 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Psychological 
factors 
Personal biases CPSWs and judges find cases difficult 
when they only have medical evidence 
to rely on, and there are no other risk 
factors that they are able to identify 
within the family.  
 
“If you’ve got unimpeachable parents with 
no history nothing to suggest that they 
might be predisposed to injuring a child you 
would then scrutinise the clinical evidence 
you’ve got with a fine toothcomb and if the 
clinical evidence was equivocal so the 
clinical evidence didn’t provide you the 
answer and there was potentially a benign 
explanation for it, then on the balance of 
probabilities it might be possible that it was 
an inflicted injury, but on the balance of 
probabilities, it wasn’t.” Judge 3 
Factors 
influencing 
Psychological 
factors 
Gut instincts Clinicians, CPSWs, and particularly 
police officers are influenced by their 
“Obviously, you do get a gut feeling 
sometimes about a perpetrator.” CPSW 1 
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decision-making 
in suspected AHT 
cases 
“gut instincts” when conducting their 
investigations and assessments.  
 
 
“Sometimes what we get is like a case who 
just presents unresponsive, so where you 
wouldn’t have any of the other features…So 
at that point, it would be my gut feeling that 
will help me, I think.” Clinician 22 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Legal factors Expert witnesses 
 
 
Legal practitioners and especially 
judges, rely on expert witnesses to 
provide an interpretation of the clinical 
features, but noted that there are often 
disagreements and conflicting opinions 
between expert witnesses coming from 
different disciplines. 
“There are interesting arguments between 
the paediatric neurologists and the 
radiologists. I would always rely on expert 
evidence, but you do get eminent doctors 
disagreeing.” Judge 4 
 
“The ophthalmologists were in conflict, the 
paediatrician was in conflict, the radiologists 
were, we had a number of conflicting 
opinions.” Legal Practitioner 1 
Factors 
influencing 
decision-making 
in suspected AHT 
cases 
Legal factors Expert witnesses 
 
 
Judges and police officers referred to 
the various theories that are put 
forward by the parents or the defence 
in an attempt to disprove cases of 
suspected AHT. 
 
“I think the challenge is when we’re trying to 
charge people. For every expert you get that 
will argue this could only have been done as 
a result of a really significant, deliberate 
trauma inflicted on that child, you’ll have 
some equally qualified well-paid clever bod 
who will say, ‘No there’s actually all these 
reasons for it’.” Police Officer 4 
 
“In the weeks running up to trial, we were 
suddenly served a 62 page defence 
document which just threw in all types of 
different scenarios that could have 
happened…So, there were things sort of 
thrown to us from the side of various 
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hypotheses of how the injuries could have 
been caused.” Police Officer 2 
Participants’ 
evaluations of 
PredAHT 
Potential benefits 
of PredAHT 
Reassurance Clinicians, CPSWs and police officers 
said that PredAHT would provide them 
with reassurance or confidence that 
their concerns, suspicions or 
investigations were justified and that it 
would be useful to support their 
professional opinions.  
“It’s another piece of research, another 
piece of evidence to back up your concerns.” 
CPSW 6 
 
“It would definitely give me a higher degree 
of confidence.” Police Officer 8 
 
Participants’ 
evaluations of 
PredAHT 
Potential benefits 
of PredAHT 
Standardization of 
clinical 
investigation 
Clinicians and pathologists suggested 
that PredAHT may help to standardise 
or modify the clinical assessment of 
suspected AHT cases by prompting 
clinicians to perform investigations 
such as a skeletal survey or 
ophthalmoscopy in line with 
international standards, and to review 
the results of investigations already 
undertaken. 
“It would be very useful for the 
paediatricians to tell me the score, as it 
would cause me to review the CT scans 
again if the probability came out low.” 
Clinician 25 
 
Participants’ 
evaluations of 
PredAHT 
Potential benefits 
of PredAHT 
Standardization of 
clinical 
investigation 
Pathologists and legal practitioners, 
including judges, could also appreciate 
the value of PredAHT for advocating 
further investigations, even if they 
would not find it useful themselves. 
“I can see a lot of value in terms of screening 
and education, and the decision-making that 
happens in living children for child 
protection services.” Pathologist 3 
 
“In terms of ruling in further investigations I 
think it’s enormously helpful.” Judge 3 
 
“I can see its particular value from the 
clinicians’ point of view about deciding what 
investigations need to be done.” Legal 
Practitioner 1 
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Participants’ 
evaluations of 
PredAHT 
Potential benefits 
of PredAHT 
Contributing to 
‘the bigger picture’ 
PredAHT could contribute to “the 
bigger picture”, as part of a wider 
information gathering process. Many 
described PredAHT as a useful addition 
to the “toolbox”, or “a piece of the 
jigsaw puzzle”.  
“It is a part of the jigsaw piece rather than 
the final answer.” Clinician 8 
 
Participants’ 
evaluations of 
PredAHT 
Potential benefits 
of PredAHT 
Communication  PredAHT could be used at multi-agency 
meetings or as part of information 
sharing to facilitate communication 
about the likelihood of AHT.  
“I could see us discussing that with 
colleagues, discussing that at multi 
professional strategy meetings definitely.” 
Police Officer 5 
Participants’ 
evaluations of 
PredAHT 
Potential benefits 
of PredAHT 
Training PredAHT would be useful for peer 
review or training. CPSWs in particular 
thought it was helpful to know that the 
six clinical features included in PredAHT 
are potential indicators of AHT.  
 
“I’m just thinking of colleagues actually 
because the role I’m in now is running peer 
reviews and I think for some of the newer 
consultants coming through, and particularly 
the ones who are maybe not as familiar with 
our work here; I think this would be quite 
helpful because they’re not always linking 
[the six clinical features] together.” Clinician 
2 
Participants’ 
evaluations of 
PredAHT 
Potential risks of 
PredAHT 
Over-reliance Professionals may be over-reliant on 
PredAHT when making decisions in 
suspected AHT cases. 
 
 
 
“Straight off the top of my head, the 
disadvantage is over reliance isn’t it of 
saying ‘Well we’ve looked at this tool, 
therefore, that’s the way it’s gone’. I’d just 
be worried that you would just become a bit 
too compliant with it and just complacent 
and just sort of say ‘Well we just always do it 
this way’.” CPSW 9 
Participants’ 
evaluations of 
PredAHT 
Potential risks of 
PredAHT 
False reassurance A low score could instil false 
reassurance, and appropriate 
investigations might not be carried out 
in the face of a low probability score. 
“What, a 14.7% chance of it being caused 
then yeah…it’s not telling me it’s not, it’s not 
saying minus 14.7% so I wouldn’t want 
people less industrious, proactive, or 
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 passionate about what they do to hide 
behind it. It’s not just the police that could 
do this. I wouldn’t want any partners either 
to say well that’s only come up 14.7%...we 
had one last week that was 97% we don’t 
need to worry about this one...that would 
be my only fear but like you say it’s not to be 
used on its own is it? You know there’s a 
wide range of factors.” Police Officer 8 
Participants’ 
evaluations of 
PredAHT 
Potential risks of 
PredAHT 
False reassurance Reassuringly, all participants said that 
they would still carry out appropriate 
investigations if they received a low 
score from PredAHT, as there may be 
other features of the case that warrant 
further enquiry. 
 
“It wouldn’t be a case that we would go 
‘Well it’s only 14%, therefore, it’s definitely 
accidental, therefore, that child can go 
home with the family and we’re not going to 
be worried’, we’d still be saying ‘Okay well it 
looks unlikely that this was caused 
deliberately but we’ll still probably be 
involved with that family while we’re doing 
our own assessment’.” CPSW 9 
 
Participants’ 
evaluations of 
PredAHT 
Potential risks of 
PredAHT 
May not be used 
as intended 
Concern was expressed that PredAHT 
wouldn’t be used as intended, 
alongside other known information 
about each case, and they agreed that 
it should never be used in isolation 
from other factors. Several clinicians, 
pathologists and CPSWs said that 
PredAHT was too reductionist and 
crude, comparing it to a box-ticking 
exercise.  
 
“My one drawback is you don’t want to go 
too much into the tick box thing of ‘Well 
we’ve done this test, we’ve done that test, 
and that’s fine the child can go home, or the 
child has definitely been harmed by the 
parents’, so it has to be used in the right 
way.” CPSW 9 
 
“I think my main concern is it is quite crude 
in that the diagnosis of abusive head trauma 
is not a tick box exercise and the trouble is, 
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this reduces it to a tick box exercise.” 
Clinician 19 
Participants’ 
evaluations of 
PredAHT 
Clinicians’ views 
about the practical 
use of PredAHT 
Usability/simplicity All clinicians thought that PredAHT is 
simple to use, and not too time-
consuming to complete.  
“I think it looks very user-friendly.” Clinician 
6 
 
Participants’ 
evaluations of 
PredAHT 
Clinicians’ views 
about the practical 
use of PredAHT 
Who should 
complete it 
Participants discussed who should 
complete the tool. PredAHT could be 
completed by general and community 
paediatricians and intensivists, but 
most agreed that it should be 
completed by a consultant. One 
clinician thought that it should be a 
team exercise. 
 
“I worry about making one person in charge 
of anything, and I think that if we are 
working in a collaborative manner with the 
whole team perhaps the whole team should 
have access to it…I think if you leave it up to 
one person then the whole point of making 
a decision as a team is less relevant then.” 
Clinician 9 
Participants’ 
evaluations of 
PredAHT 
Use of PredAHT in 
court  
Irrelevant Pathologists and legal practitioners, 
including judges, felt that PredAHT 
would be irrelevant because it cannot 
account for every detail of every case, 
and each case must be considered 
based on the entirety of the evidence. 
“A percentage won’t help because it will be 
attacked on the basis of you do not have 
within that percentage all the data that we 
have in this case.” Pathologist 3 
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Appendix 21. Published article arising from the vignette study presented in Chapter 6 
 
Cowley LE, Farewell DM, Kemp AM (2018). Potential impact of the validated Predicting 
Abusive Head Trauma (PredAHT) clinical prediction tool: A clinical vignette study. Child 
Abuse & Neglect, 86: 184-196.  
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Appendix 22. Methodological recommendations and best practices for designing vignette 
studies  
 
Recommendations for vignette content 
 
Developed from:  
 
Evans, S.C., Roberts, M.C., Keeley, J.W., Blossom, J.B., Amaro, C.M., Garcia, A.M,…Reed, G.M. 
 (2015). Vignette methodologies for studying clinicians’ decision-making: Validity, 
 utility, and application in ICD-11 field studies. International Journal of Clinical & Health 
 Psychology, 15(2), 160–70. 
 
Recommendation 
number  
Vignettes should Reported: 
1 Derive from the literature and/or clinical 
experience 
Vignette design 
2 Be clear, well-written and carefully edited  Vignette design; vignettes 
were reviewed by 
supervisory team and edited 
accordingly, and piloted 
before use. See vignettes 
3 Not be longer than necessary (typically 
between 50 and 500 words) 
See vignettes 
4 Follow a narrative, story-like progression See vignettes 
Initial information 
presented in section 1 
followed by additional 
clinical details in section 2 
5 Follow a similar structure and style for all 
vignettes in the study 
See vignettes 
All vignettes followed a 
similar style and structure 
6 
 
Use present tense (past tense only for 
history and background information) 
See vignettes 
All written in present tense 
7 Avoid placing the participant “in the 
vignette” (e.g. as first or third-person 
character) 
See vignettes 
Participants were not 
“placed in the vignette” but 
were asked to answer 
survey questions as they 
would in clinical practice  
8 Balance gender and age across vignettes See vignettes,  
9 Be as neutral as possible with respect to 
cultural and socio-economic factors, unless 
these are included among the experimental 
variables 
See vignettes 
Cultural and socio-economic 
factors were not included as 
variables nor mentioned 
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10 Resemble real people, not a personification 
of a list of symptoms or behaviours 
See vignettes  
11 Be relatable, relevant, and plausible to 
participants 
Vignette design. The 
vignettes were piloted and 
were felt to be clear and to 
reflect plausible cases. This 
was further confirmed by 
the ‘think-aloud’ technique 
12 Avoid “red herrings”, misleading details, and 
bizarre content 
See vignettes 
There was no misleading or 
bizarre content, vignettes 
were designed to represent 
plausible cases  
13 Highlight the key variables of interest, 
facilitating experimental effects 
Changes to key variables 
were indicated in italics 
14 Facilitate participant engagement and 
thinking by including vague or ambiguous 
elements 
Four vignettes were 
designed as “grey” cases to 
introduce uncertainty into 
the decision and stimulate 
reasoning. This was 
confirmed by the ‘think-
aloud’ technique  
15 Cover all pertinent variables (or omit 
selected variables for specific purposes) 
It was not possible to cover 
all pertinent variables, the 
omission of certain 
information led to useful 
insights in itself, as 
confirmed by the qualitative 
analysis of the ‘think-aloud’ 
data  
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Best practice recommendations for designing and implementing experimental vignette 
methodology studies  
 
Developed from:  
 
Aguinis, H., & Bradley, K.J. (2014). Best practice recommendations for designing and 
 implementing experimental vignette methodology studies. Organizational Research 
 Methods, 17(4), 351–371. 
 
Item number  Guide questions/description Reported: 
Planning an EVM study   
Decision Point 1 Deciding whether EVM is a suitable 
approach 
Introduction 
Decision Point 2 Choosing the type of EVM Paper people study 
Decision Point 3 Choosing the type of research design Within-person fully-crossed 
design where all clinicians 
completed all vignettes 
Decision Point 4 Choosing the level of immersion Written vignette only 
Decision Point 5 Specifying the number and levels of 
the manipulated factors 
Three factors each with two 
levels (Concerning history 
yes/no, concerning social 
history yes/no, missing data 
yes/no) 
Decision Point 6 
 
Choosing the number of vignettes 
 
Six 
 
Implementing an EVM 
study 
  
Decision Point 7 Specifying the sample and number of 
participants  
Clinicians from a variety of 
specialities involved in 
suspected AHT cases. 40 
were approached to take 
part 
Decision Point 8 Choosing the setting and timing for 
administration 
At the participants 
workplace in a single session 
Decision Point 9 Choosing the best method for 
analysing the data 
Linear models and linear 
mixed effects models 
Reporting results of an 
EVM study 
  
Decision Point 10 Choosing how transparent to be in 
the final presentation of results and 
methodology 
See methods and results. 
Full vignettes provided plus 
detailed description of their 
derivation, the analysis and 
the results 
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Appendix 23. Consent form used in the vignette study 
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Appendix 24. Analytic framework 
Theme Category Definitions 
Rationale for 
responses  
Gray cases difficult  Any comments about the ease or difficulty of estimating the probability of AHT or deciding on 
proposed child protection actions for the “gray” cases; any reasons why the “gray” cases were 
difficult to classify  
Impact of social history 
 
Any comments about the impact the social history had on participants estimated probabilities or 
proposed child protection actions; any comparisons between “V2:nAHT” and “V4:nAHT*” 
History doesn’t match level of 
trauma 
Any discussions about the impact the history had on participants estimated probabilities or proposed 
child protection actions in “V1:AHT” and “V3:AHT*”; any comparisons between “V1:AHT” and 
“V3:AHT*”  
Agreement/disagreement 
with tool 
Any reasons why participants disagreed with the PredAHT score and therefore did not change their 
probability estimates or proposed child protection actions at Time 2. Any reasons why participants 
agreed with the PredAHT score and therefore did change their probability estimates or proposed 
child protection actions at Time 2 
Knowledge of clinical features Any comments about the impact participants’ knowledge of the clinical features indicative of AHT 
and nAHT had on their probability estimates or proposed child protection actions 
Developmental stage Any considerations about the child’s age and developmental stage when completing the vignettes 
Consistent history Any discussions about the impact a consistent or inconsistent history had on participants probability 
estimates or proposed child protection actions 
Mechanism of injury Any considerations about the proposed mechanism of injury and whether this was consistent with 
the clinical features and level of trauma observed 
Evaluations of 
PredAHT 
Potential benefits Any discussions about whether PredAHT would be useful for participants in their clinical practice and 
why; comments about how PredAHT might help participants to quantify risk; comments about how 
PredAHT could reassure participants that their suspicions (or lack thereof) are justified and provide 
them with confidence in their opinions 
Potential risks Any discussions about the potential risks or downsides of using PredAHT including comments about 
important features missing from PredAHT; comments about potential false reassurance from a low 
score; comments about how PredAHT cannot take into account all potential indicators of abuse or 
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nuances in individual cases; comments about the need to understand and explain how PredAHT 
works, and appraise the quality of the underlying data and the accuracy of the scores 
Interpretations of 
probabilities  
Threshold probability  Any comments about participants’ accepted probability thresholds for investigation and referral of 
suspected AHT 
Impact of the prior 
probability 
Any discussions about the impact participants estimated prior probabilities had on the post-test 
probability provided by PredAHT; any reasons participants gave for their prior probabilities; 
discussions about how participants would estimate a prior probability in practice and the information 
they would use to do this 
Comments on 
details of the 
vignettes  
Investigations Any comments about why certain investigations were or were not performed; comments about 
additional investigations participants would order that are not detailed in the vignettes 
Detail of the history/clinical 
features 
Any discussions about needing additional detail about the history or clinical findings in order to 
estimate the probability of AHT, including the age and pattern of clinical findings or more detail on 
the proposed mechanism of injury 
Differential diagnoses  Any comments about the differential diagnoses, not detailed in the vignettes, that participants would 
rule out in practice  
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Appendix 25. Visual inspection of the raw data based on the order the vignettes were completed by participants 
 
Each coloured line represents a different clinician. Vignette numbers represent the order in which the vignettes were completed by the participants.
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Appendix 26. Scatterplot matrix 
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Appendix 27. Parallel coordinates plot 
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Appendix 28. Boxplot comparing clinicians’ Time 1 probabilities of AHT with the PredAHT 
score (incorporating clinicians’ prior probabilities) 
 
 
Appendix 29. Boxplot comparing clinicians’ Time 1 probabilities of AHT with the PredAHT 
score using the baseline prior 
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Appendix 30. Model diagnostic plots for the six linear models 
 
Diagnostic plots for V1:AHT 
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Diagnostic plots for V2:nAHT 
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Diagnostic plots for V3:AHT* 
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Diagnostic plots for V4:nAHT* 
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Diagnostic plots for V5:ICI-only 
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Diagnostic plots for V6:missing 
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Appendix 31. Diagnostic plots for the linear mixed effects model 
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Appendix 32. Clinicians’ proposed child protection actions at Time 1 and Time 2 by vignette 
 
Time 1 
V1: 
AHT 
N=29 (% total) 
V2: 
nAHT 
N=29 (% total) 
V3: 
AHT* 
N=29 (% total) 
V4: 
nAHT* 
N=29 (% total) 
V5: 
ICI-only 
N=29 (% 
total) 
V6: 
missing 
N=29 (% 
total) 
No concern No further CP action 0 (0%) 3 (10%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Concern (abuse 
considered) 
Discuss with line manager 5 (17%) 3 (10%) 4 (13%) 5 (17%) 3 (10%) 5 (17%) 
Discuss with CP colleague 19 (65%) 12 (41%) 19 (65%) 17 (58%) 18 (62%) 17 (58%) 
Gain collateral information from 
other agencies/disciplines 
19 (65%) 21 (72%) 20 (68%) 21 (72%) 21 (72%) 21 (72%) 
Order further investigations 26 (89%) 9 (31%) 24 (82%) 13 (44%) 17 (58%) 24 (82%) 
Suspicion (abuse 
suspected) 
Refer to social services 27 (93%) 11 (37%) 25 (86%) 23 (79%) 19 (65%) 26 (89%) 
Skeletal Survey 24 (82%) 3 (10%)a 20 (68%) 1 (3%)a 4 (13%)a 20 (68%) 
Bone Scan 7 (24%) 3 (10%) 5 (17%) 2 (6%) 5 (17%) 7 (24%) 
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Further 
Investigations 
Specified 
MRI 7 (24%) 1 (3%) 7 (24%) 2 (6%) 5 (17%) 7 (24%) 
Ophthalmology N/Ab N/Ab N/Ab N/Ab N/Ab 20 (68%) 
Haematology 16 (55%) 7 (24%) 14 (48%) 11 (37%) 12 (41%) 13 (44%) 
Full CP work-up 1 (3%) 1 (3%) 2 (6%) 1 (3%) 2 (6%) 3 (10%) 
Otherc 4 (13%) 3 (10%) 2 (6%) 3 (10%) 4 (13%) 1 (3%) 
Time 2 
V1: 
AHT 
N=29 (% total) 
V2: 
nAHT 
N=29 (% total) 
V3: 
AHT* 
N=29 (% total) 
V4: 
nAHT* 
N=29 (% total) 
V5: 
ICI-only 
N=29 (% 
total) 
V6: 
missing 
N=29 (% 
total) 
No concern No further CP action 0 (0%) 3 (10%) 0 (0%) 0 (0%) 2 (6%) 0 (%) 
Concern (abuse 
considered) 
Discuss with line manager 5 (17%) 3 (10%) 4 (13%) 5 (17%) 3 (10%) 5 (17%) 
Discuss with CP colleague 19 (65%) 12 (41%) 19 (65%) 15 (51%) 18 (62%) 19 (65%) 
Gain collateral information from 
other agencies/disciplines  
19 (65%) 21 (72%) 20 (68%) 21 (72%) 20 (68%) 20 (68%) 
Order further investigations 26 (89%) 9 (31%) 24 (82%) 13 (44%) 16 (55%) 23 (79%) 
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Suspicion (abuse 
suspected) 
Refer to social services  28 (96%) 9 (31%) 28 (96%) 22 (75%) 19 (65%) 24 (82%) 
Further 
Investigations 
Specified 
Skeletal Survey 24 (82%) 3 (10%)a 20 (68%) 1 (3%)a 4 (13%)a 20 (68%) 
Bone Scan 7 (24%) 3 (10%) 5 (17%) 2 (6%) 5 (17%) 7 (24%) 
MRI 7 (24%) 1 (3%) 7 (24%) 2 (6%) 5 (17%) 7 (24%) 
Ophthalmology N/Ab N/Ab N/Ab N/Ab N/Ab 20 (68%) 
Haematology 16 (55%) 7 (24%) 14 (48%) 11 (37%) 12 (41%) 13 (44%) 
Full CP work-up 1 (3%) 0 (0%) 2 (6%) 1 (3%) 1 (3%) 2 (6%) 
Otherc 4 (13%) 4 (13%) 2 (6%) 3 (10%) 4 (13%) 1 (3%) 
N.B column totals do not add to 29 as clinicians were able to choose multiple options. CP = child protection, a Refers to a repeat skeletal survey, b 
Children in these vignettes had already undergone an ophthalmoscopy exam, c Other investigations include a metabolic screen, discussions with 
neurologists/radiologists, medical photography and reviewing the history 
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Appendix 33. Patient data collection form 
INVESTIGATIONS 
 Y/N 
NUMBER 
OF 
SCANS 
DATES 
OF 
SCANS 
 
NUMBER 
OF DAYS 
AFTER 
ADMISSION 
RESULTS 
 
 
CT: Head 
 
     
Spine 
 
    
Thorax 
 
    
Abdomen 
 
    
Other (please state) 
 
    
MRI: Head  
 
    Include detail of MRI e.g. the pulse 
sequence, T1 or T2-weighted, diffusion-
weighted etc.:  
 
Spine 
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Other (please state) 
 
     
CXR: 
 
 
PA 
 
 
    Include details of location imaging 
performed i.e. ED, PICU, radiology dept:  
LATERAL OBLIQUE 
 
 
    
FOLLOW UP CXR:      
ADDITIONAL XR:      
SKELETAL SURVEY:      
FOLLOW UP SKELETAL SURVEY      
RADIONUCLIDE BONE SCAN      
INDIRECT  
(Y/N)  
DILATED 
PUPILS 
(Y/N) 
PERFORMED 
BY 
(SpR/CON) 
RETCAM  
(Y/N) 
STANDARDIZED  
PROFORMA? 
(Y/N) 
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HISTORY 
EXPLANATION 
GIVEN (Y/N) 
 
EXPLANATION 
CONSISTENT 
BETWEEN 
CAREGIVERS? 
(Y/N/Unknown) 
 
EXPLANATION 
CONSISTENT 
OVER TIME? 
(Y/N/Unknown) 
 
INJURIES 
CONSISTENT 
WITH 
MECHANISM? 
(Y/N/Unknown) 
DETAIL OF 
EXPLANATION: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WITNESSED 
INJURY? 
(Y/N/Unknown) 
WITNESSED 
BY WHOM? 
 
FALL 
ACTIVITY 
PRIOR TO 
FALL 
POSITION PRIOR TO FALL 
(STANDING/SITTING/STANDING 
ON OBJECT/IN ARMS) 
SURFACE 
OF 
IMPACT 
 
 HEIGHT 
(<0.6M/0.6-1M/1-
1.5M/1.5-
2M/>2M) 
 
   
STATE 
HEIGHT:………………. 
COMMENT ON 
PRECEDING 
EVENTS: 
 
 
 
 
 
 
ADMITTED 
ABUSE? 
(Y/N) 
IMMEDIATE SYMPTOMS AFTER INJURY (Y/N): 
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MOTOR VEHICLE 
COLLISION 
PASSENGER 
(FRONT/BACK) 
PEDESTRIAN 
(STRUCK WHILE 
STANDING) 
PEDESTRIAN 
(STRUCK 
WHILE 
CYCLING) 
COMMENTS 
  
 
 
CRUSH INJURY 
OBJECT THAT 
LANDED ON 
CHILD  
WITNESSED 
 
BY WHOM? COMMENTS 
  
  
 
 
CHILD’S 
DEVELOPMENTAL 
STAGE AT INJURY 
(NOT INDEPENDENTLY MOBILE/SITTING/ROLLING/CRUISING/CRAWLING/WALKING) 
 
 
NEUROIMAGING FINDINGS 
  INTERHEMISPHERIC MULTIPLE 
OVER 
CONVEXITY 
SINGLE 
POSTERIOR 
FOSSA 
COMMENT  
SDH Y      
 N      
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APPEARANCE 
ON CT (give 
dates of CT if > 
1) 
HYPERDENSE HYPODENSE MIXED DENSITY 
  
 
 
SAH Y  COMMENT 
(NUMBER/SITE/NATURE) 
 
 N  
EDH Y  COMMENT 
(NUMBER/SITE/NATURE) 
 
 N  
CEREBRAL 
OEDEMA 
Y  COMMENT 
(NUMBER/SITE/NATURE) 
 
 N  
FOCAL 
PARENCHYMAL 
INJURY 
Y  
 
COMMENT 
(NUMBER/SITE/NATURE) 
 
 N  
HYPOXIC 
ISCHAEMIC 
INJURY 
Y  
COMMENT 
(NUMBER/SITE/NATURE) 
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OPTHAMOLOGICAL FINDINGS (LEFT EYE) 
  UNILATERAL DISTRIBUTION LAYERS OF 
RETINA 
INVOLVED 
NUMBER OF 
RH 
SIZE ADDITIONAL 
FEATURES 
COMMENTS 
RETINAL  
FINDINGS 
Y        
 N        
 
OPTHAMOLOGICAL FINDINGS (RIGHT EYE) 
  UNILATERAL DISTRIBUTION LAYERS OF 
RETINA 
INVOLVED 
NUMBER OF 
RH 
SIZE ADDITIONAL 
FEATURES 
COMMENTS 
RETINAL  
FINDINGS 
Y        
 N        
 
 N  
SKULL 
FRACTURE 
Y  COMMENT 
(NUMBER/SITE/NATURE) 
 
N  
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ADDITIONAL FEATURES 
RIB FRACTURES Y 
NUMBER LOCATION (ANT/LAT/POS) COMMENT (VISIBLE ON FIRST/SUBSEQUENT IMAGES/AT 
PM) 
  
 N   
 
NOT 
KNOWN 
  
ADDITIONAL 
FRACTURES 
Y 
COMMENT (BONE/TYPE/AGE OF FRACTURE) 
 
N 
 
 
NOT 
KNOWN 
 
APNOEA 
Y 
 
DOCUMENTED BY 
(HCP/CARER/PARENT) 
   
 
N 
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SEIZURES 
Y 
 
DOCUMENTED BY 
(HCP/CARER/PARENT) 
PRE 
ADMISSIO
N (Y/N) 
ON 
ADMISSIO
N (Y/N) 
POST 
ADMISSIO
N (Y/N) 
TYPE 
(FOCAL/GLOBAL/STATUS 
EPILEPTICUS) 
COMMENTS 
 
N 
 
     
HEAD AND 
NECK BRUISING 
Y 
NUMBER LOCATION 
ADDITIONAL 
BRUISING TO REST 
OF BODY 
Y COMMENT (LOCATION/NATURE) 
 MARK ON 
ATTACHED 
DIAGRAM (i) 
N 
 N   
PETECHIAE Y      
 N      
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Appendix 34. Participant Information Sheet 
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Appendix 35. Consent form used in the feasibility study 
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Appendix 36. Clinician data collection form 
 
 
 
 
 
 
688 
 
 
 
 
 
 
 
 
689 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
690 
 
Appendix 37. Cardiff University study sponsorship 
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Appendix 38. Ethical approval letter  
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Appendix 39. Ethical approval letter for amendment 
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Appendix 40. Confidentiality Advisory Group Approval Letter 
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Appendix 41. R&D approval letter 
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Appendix 42. Letter of Access 
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Appendix 43. Approval from University Hospitals Bristol NHS Foundation Trust 
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Appendix 44. Letter of Access to University Hospitals Bristol 
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